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ABSTRACT 
Typically, mdustry workers are exposed to, and may touch, either accidentally or 
mtentwnally, many surfaces of different matenals (e g machine parts, walls etc) For 
environments contammg hot surfaces, standards are available to detennine the temperature 
limits for these surfaces m order to mmimise safety nsks (skm bums, EN 563 1994) 
However, no such standard IS available for cold surfaces and for those workmg m such a cold 
envtronment, accidental skm contact exposure and the resultant skm cooling could pose a 
health and safety nsk m tenns of discomfort, pam, numbness and skm damage 
Data was collected for the denvatwn of a cold surfaces safety standard (European Umon 
proJect SMT4-CT97-2149), provtdmg a relatiOn between matenal type, surface temperature 
and nsk of pam and frostbite for the mdex fingertip of the non-dommant hand The overall 
atm bemg to use the data to develop a predtcttve model of fingertip contact cooling allowmg 
the prediction for vanous matenals, temperatures and body thennal states Withm and outside 
the actual tested ranges 
The standard was designed to protect 75% of the population However, a large 
mter-mdiv1dual vanatton m contact cooling responses was found Tlus md1cated that the 
ex1stmg standard provided m1mmal flexibility, m tenns of accountmg for mdtvidual groups 
that may be at greater or lower nsk, or for particular tasks presented m the workmg 
environment that may proVIde conditions not covered by the data collected 
The atm ofth1s thests was to mvestlgate the effect of vanous factors upon short-tenn fingertip 
contact cooling responses m an attempt to descnbe and explam the large amount of 
mter-mdtvidual vanatlon previOusly found For tlus purpose, the effects of sex (chapter 3), 
hand size (chapter 4), blood flow (chapter 5) and hand dommance (chapter 6) were studied 
upon the cooling of the skm surface of the human mdex fingertip under a range of contact 
cooling condttions SubJective responses m tenns of pam and thennal sensatiOn were also 
mvest1gated (chapter 7) 
The followmg was found I) For the tested populatiOn (students) there were no differences 
between the mdex fingertip contact cooling response of the dommant hand and non-dommant 
hand, both obJecttvely and subJectively 2) Under slow cooling conditiOns (1 e metals ~-4°C, 
non-metals ~-35°C) a) The fingertip of smaller fingers cooled quicker mespecttve of sex 
wtth finger contact forces of ~3 ON b) The presence of blood flow slowed the fingertip 
contact cooling process with finger contact forces :SI ON 3) Under fast cooling conditions 
(1 e metals :S-1 0°C) a) Females cooled qmcker than males b) The fingertip With a larger 
finger-pad contact surfuce area cooled faster trrespective of hand size 4) Pam and thennal 
sensation for short-tenn contact cooling IS dtrectly affected by the cooling rate of the 
condttions At the same contact temperature, pam IS greater and thennal sensation IS colder 
under conditions that ehctt a slower rate of skm cooling 
The ergonomic ImplicatiOns of the findmgs of this research are I) No further differentiatiOn 
of the data collected (both obJective and subJective) for the standard based upon non-
dommant hand fingerttp cooling responses IS reqmred for safety of the dommant hand 2) For 
slow coolmg condittons a) At lugh contact forces (> 3 ON) Workers With smaller volumes are 
more at nsk b) At low contact forces (:SI ON) Workers With a lower penpheral blood flow 
(females, sufferers of cuculatory disorders) are at more nsk 3) For fast cooling comhtwns 
Females and workers with larger finger-pad contact surface areas are more at nsk, whereas 
factors affectmg finger blood flow have no effect 
Keywords: Skm freezmg, contact, cold pam, hands, fingertip, cold InJury, freezmg nsk 
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Preface 
CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 
It is commonplace across the world for people of all ages, gender and ethnic groups to 
be exposed to cold environments, both at work and recreat10nally Often particular 
tasks reqmre a level of dexterity only achieved by a bare hand and fingers and under 
such a scenario the risk of cold injury through direct contact of bare skin with sohd 
cold surfaces is present For a hot workmg environment, standards are available for 
the determination of temperature hmits for exposed surfaces in order to minimise 
safety risks in terms of skin bums (EN 563 1994), however no such standard was 
avatlable for surfaces in a cold working environment For the provision of guidance to 
nsk assessment of cold working environments where cold surfaces exist, a research 
project was called upon within the frame work of the 4th RID-program of the 
European Union An application for this dedicated call was proposed by a consortiUm 
of five European partner institutions (Loughborough University, U K , National 
Institute for Worlang Life, Sweden, Universite Catholique de Louvian, Belgium, 
TNO Human Factors Research Institute, The Netherlands, Oulu RegiOnal Institute of 
Occupational Health, Fmland) The proposal was approved and the research project 
SMT4-CT97-2149 - "Temperature limit values for cold touchable surfaces" was 
started in 1997 and the final report for the standard was submitted in December, 2000 
A standard based on these data is now developed in a European committee (CEN 
TC122/WG3 
The project work provided the basis on which further investigatiOn and 
experimentation into skin contact coohng was performed It became clear that two 
types of contact cooling could be identified 1) Touchmg a cold surface with the 
fingertip for a short period 2) Gripping cold material with the hand for longer a 
duration This current thesis mvestigates the type of contact cooling exposure that 
occurs for short-penods of time with the small skm segment of the fingertip and 
which may be umntentmnal as well as intentional Such industrial settmgs that present 
such a risk are normally indoors, such as the food processing industry, requiring a 
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range of tasks e g the operatton of machinery, the handhng of frozen goods, fine 
repatr or assembly work Examples of such tasks wtth related contact times are 
summansed in Table I 
Few studies have been conducted to address the problem of protection of the bare skm 
in a cold environment Havemth et a/ (1992) investigated skin contact whtlst gnpping 
various materials and Chen et a/ (I 992, 1994) provided early work identifymg the 
effect of material, mass and pressure upon fingertip contact coohng Geng et al. 
(2000) has mvestigated the effects of material and contact pressure, and Rintamaki 
(1997) has investigated the effects of contact area on fingertip contact cooling 
However investigations mto the vanat10n of contact coohng response due to gender, 
blood flow and hand dommance had not yet been conducted Further investigation of 
subj ecttve responses during fingertip contact coohng over a range of exposures ts also 
required These will be the toptcs dealt with m thts thesis 
The followmg is a review of the relevant literature reqmred for consideration when 
investigatmg fingertip contact cooling 
Table l. Examples of touching cold contact duration (Holmer and Geng, 2000) 
Contact Examples for contact with cold surface 
Duration Intentional Umntent10nal 
Touching of a metallic surface 
I second (-I5°C or below) and quick 
removal followmg pain sensation 
Touchmg of a cold surface for 
ActivatiOn of a pressmg, switchmg extended reaction time (on metal 
3 seconds a button or removing a small spare of -I5°C and below) has 
part by the fingertips numbness sensation and even 
mav result m cold iniurv 
Prolonged acttvation of a shght 
10 seconds adjustment of a switch, handle, Falling against a cold surface hand-wheel, valve or spare part without recovery 
etc with finger touching 
Turning of a hand-wheel, handle After slipping and falling 
100 seconds valve or crew bolt-nut etc accidents on cold surfaces, victim 
possibly with finger touchmg unable to get up 
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1. Introduction 
1.1 Human thermal environments 
Humans are homeotherms, this means that a stable internal (core) temperature must 
be mamtained for well-bemg For humans, this mternal temperature is on average 
36 9°C (98 4°F) and any maJor deviation from this critical temperature may seriously 
affect the health of the human body The manner in which the mternal temperature IS 
mamtamed is through ach1evmg "thermal balance" - balancing the heat transferred 
away from the body with the heat produced Within the body, this is represented by the 
heat balance equation below 
(M-W)=E+R+C+K+S 
Heat generation in the body 
M = Metabolic rate of the body 
W = Energy used to produce mechamcal work 
Heat transferred away from the body 
E = Evaporation 
R = RadiatiOn 
C = Convection 
K = Conduction 
Heat Storage 
S =Heat storage of the body 
For heat balance, S = 0 
The aspects of the human thermal environment that dictate heat transfer to and from 
the body are represented by six fundamental parameters 
Air temperature 
Mean radiant temperature 
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- Air velocity 
- Relative humidity 
- Clothing msulation 
- Metabolic heat production 
The interaction of these four environmental parameters and two personal parameters 
dictate how a human will respond to a given thermal environment in terms of thermal 
balance 
1.2 Thermoregulation 
There are a number of physiOlogical and behavioural responses that enable the human 
body to maintain a dynamic equihbnum between the heat generated within the body 
and the heat exchanged with the environment -this is known as thermoregulation 
Examples of behavioural responses include the change of the body surface area 
exposed to the external environment by changing posture, the donning or removal of 
clothing msulation and the mcrease of activity in order to raise metabolic heat 
production These can be very mfluential ways ofthermoregulatmg 
PhysiOlogical responses are responses to a change in mternal temperature as opposed 
to the conscious responses of changes m behaviOur Examples of these are shivering, 
sweating, piloerection, vasodilatation and vasoconstnct10n These functions are m 
response to signals from thermosensors that are connected to the hypothalmus via 
nervous pathways 
Shivenng IS described as "simultaneous asynchronous contraction of the muscle fibres 
in both the flexor and extensor muscles" - BIIgh (1985) That is, activity producing 
heat with no net external muscular work If internal temperature decreases an increase 
m muscle tone and then shivenng will increase metabolic rate 
Sweatmg IS the secretion of fluid on skin surface through sweat glands Its 
evaporation allows the body to cool when mternal temperature IS elevated There are 
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two types of sweat glands Ecrine glands which are located mainly on the trunk, neck 
and forehead and are predommantly active for thermoregulatory purposes Apocrine 
glands are located m the armpits and pubic regiOns and are predominantly responsible 
for the distinctive odour of sweat 
Piloerectwn is the phenomena of "goose bumps" Th1s IS the straightemng of hairs on 
the skin surface due to the contraction of the arrector pili muscles, the purpose bemg 
to maintain an msulatmg still air layer between the external environment and the body 
in response to a decrease in internal temperature This generally has a negligible 
thermoregulatory effect for humans due the small amount of hair on the skm surface 
Skm vasodilatation facilitates an increase in heat loss to the environment, venous 
blood returns near to the skin surface and m doing so increases the availability of heat 
loss from the skm to the external environment Cold vasoconstnction restricts heat 
loss to the envuonment from the blood by preventing the maJonty of blood reachmg 
the skm due to the constnct10n of superficial veins It also allows a "countercurrent 
heat exchange" to occur, meaning cool blood from close to the skm surface returns 
close to the artery, thus gaming heat and returning to the body core 
In more extreme cold environments, a response to declining internal temperature is 
the occurrence of physwlog~ca/ amputatzon. This is a result of the vasoconstriction 
reactiOn of the skm arteries wtth the blood flow in the hand being greatly reduced and 
the heat input to the hand is itself reduced as a consequence of this reduction in blood 
flow (Raman and Roberts, 1989) Vangaard (1990) showed that the cooling effect due 
to the exposure to an environmental air temperature of 8°C for a hand occluded w1th a 
blood pressure cuff was identical to that of a vasoconstncted hand, thus suggestmg 
that the blood heat input of a vasoconstncted hand is negligible Mean skin blood 
flow figures are given by Elias & Jackson (1996), these are 450 m! min"1 !00mr1 at 
room temperature, representing 8 5% of total blood flow, the nutntlve needs of the 
skin only require 10% of this resting blood flow rate For maXImal vasoconstriction 
hand blood flow reduces to as little as 0 5 m! min"1 I 00 mr1 
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2. Human skin 
The skin ts the largest organ of the body and as a human responds to a given thermal 
environment much of the heat exchange occumng between the body and the external 
envtronment occurs using mechamsms involving the skm Therefore tt is necessary to 
apprectate the structure, function and properties of the skm 
2.1 Skin structure 
The structure of the skm at a particular area on the human body ts dependent upon 1ts 
functiOn For example, an area predommantly concerned wtth allowing the body to 
achieve thermoregulation will have a rich blood supply and many sweat glands 
(Parsons, 1993) The skm is composed of speciahsed epithehal and connective tissue 
cells whtch can be separated into three distmct layers Epidermts, dermis and 
hypodermis 
Epzdermzs 
The epidermts forms the external surface of the skin and provtdes the first barner of 
protectiOn It IS mamly composed ofkeratmocytes whtch differenttate to form the four 
layers described below Each keratinocyte gradually mtgrates to the surface and is 
sloughed off m a process called desquamatiOn From the inside out we can 
discriminate four layers in the epidermis 
- Stratum Basale 
The basal layer (also called the cutaneous epithelium) contams the least keratm and 
provtdes the cells for the regeneration of the eptdermis These cells are separated from 
the dermts by a thm layer of basement membrane 
- Stratum Spmosum 
Above the basal layer is the spinous layer The cells that have divided m the basal 
layer accumulate desmosomes on the outer layer, attaching one polyhedral shape to 
another, giving a "prickly" appearance Protem synthesis occurs and cells change to 
so called "tonofibrils" which migrate to the granular layer 
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- Stratum Granulosum 
Above the spmous layer is the granular layer and is composed of a keratm complex 
The maturation of each keratinocyte is characterised by the accumulation of keratm 
(kerattmsation) These granular ceiis contain hpids which ailow the formation of a 
waterproof barrier in order to prevent flut d loss from the body 
- Stratum Corneum 
The outer layer of the eptdermis is a corneal layer and is composed of fuily 
keratinised, flat, fused ceiis bound together by lipids synthesised m the granular layer 
These are essentiaiiy dead ceiis and are replaced by transttion ceiis lying dtrectly 
beneath 
Derm1s 
The dermis assumes the important functions of thermoregulation and supports the 
vascular network to supply the non-vascularised eptdermis with nutnents There are 
typicaily two components of the dennis and these are descnbed below 
- Papiilary Dermis 
Thts layer contains the vascular network and tt ts orgamsed such that tt facihtates the 
increase or decrease m blood flow so heat can either be conserved or dissapated 
There are also pam, touch, wannth and cold receptors located m this area 
- Rettcular Dermis 
Thts layer consists of dense connective tissue and is Important in giving the skin its 
overall strength and elasticity 
Hypodermis 
The hypodermis is composed of loose connective tissues and includes a high 
concentratiOn of adipose tissue The layer serves as an attachment for the dennis and 
the underlying tissues and boundary between the two layers is often difficult to 
tdenttfy due to its Irregularity All appendages such as hair folhcles, sweat glands and 
arrector ptli muscles extend through the dermis and mto the hypodermis, with the 
exception of nails 
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Derm1s 
Hypodenms 
Warmth Cold 
Pore receptor Pa•n receptor 
Sweat Sweat Nwe 
gland duct 
Pressure f ouch 
Figure 2.1. The structure of the human skin (Parsons, 1993) 
2.2 Skin function 
Stratum Homycel} 
Trans1bon Corneum 
cells 
asal cell 
The skin performs multiple functions, the first of which is protection. The skin acts as 
a barrier against water loss/entry, chemicals, bacteria and minor trauma. This function 
is served by the lipids and proteins of the stratum corneum, which is continually 
sloughed and regenerated. The stratum corneum is variable in thickness and thickest 
in the areas of continual friction such as the soles and volar surface of the hands. 
Beneath the dermis is the hypodermis, a thermal barrier (due to its adipose structure) 
which varies in thickness between people. 
Another function of the skin is sensation, with small nerve endings mediating touch 
pressure, temperature and pain. Other skin functions include thermoregulation via 
eccrine sweat glands, irnmuno logical defence via Langerhans cells, Vitamin-D 
synthesis in response to sun exposure and wound healing. 
2.3 Thermal receptors of the skin 
The human perception of hot and cold is done along a progressive scale, e.g. freezing 
cold, cold, slightly cool, neutral, slightly warm, hot and burning hot These 
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perceptions are a consequence of variable combinatiOns of three types of sensory 
receptors (cold, warmth and pam) Each type of receptor ts stimulated to a varymg 
extent depending upon the temperature of the tissue Pain receptors are activated only 
at the extreme ranges of hot and cold, whereas cold and warmth receptors are 
stimulated at particular pomts wtthin the boundary of this range The particular 
temperature range and within which each receptor type IS stimulated and thetr given 
finng rate is shown in figure 2 2 Cold pain IS activated at around I5°C, whereas heat 
pam ts activated at around 45°C The cold receptors are stimulated the most between 
)5°C and 34°C (Zotterman et al. 1959) and warmth receptors stimulated most 
between 40°C and 45°C Under extreme temperatures only pain receptors are 
stimulated 
!0 Warmth receptors 
' I 
"0 I 
c: 8 Heat-pam / 0 
0 Cold receptors 
"-.../ I Q) V) 6 
' 
I 
V) \ I 
Q) ,cald-pam I I V) 4 
'\/ I :; I c. , 
.E 2 \ \ I \ I \ I 
I 
0 
!0 20 30 40 0 60 
Nerve fiber temperature ("C) 
Figure 2.2. Frequencies of dtscharge of a cold-pain fibre, a cold 
fibre, a warmth fibre, and a heat-pain fibre in different 
temperature levels of nerve fibres (Schmidt and Thews 1989) 
Cold and warmth receptors are housed wtthin the dermis, however It has been 
suggested that cold receptors are located deeper than the warmth receptors (Morin and 
Bushnell, 1998) Both types of thermorecptors are approximately 1 mm m dtameter 
and cold receptors are more abundant than warmth receptors with between 3 to 10 
ttmes more cold receptors bemg located across the body The density of both 
receptors vary wtth location, with the most receptors being present on the lips (15 to 
25 per cm2) and the least bemg present on areas of the trunk (less than I per cm2) 
There are between 3 to 5 cold receptors per cm2 on the finger (Schmidt and Thews 
1989) 
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2.4 Physical properties of the skin 
In order to investigate the heat exchange between the skin and the environment the 
thermal properties of the skin itself must first of all be considered These properties 
for the skm of the hand are g1ven in Table 2 1 
Table 2.1. The thermal properties of the human skin (Parsons, 1993) 
Dimension Units Values 
Approximate values of physical dimenswns 
Mass Kg 4 
Water content % 70-75 
Thickness mm 0 5-5 
Approximate values for thermal properties 
Kgm"3 Density (p) 860 
Specific heat (c) JKg·l Kl 5021 
Vasoconstncted Vasodilated 
Thermal conductiv1ty (k) Wm"1 K 1 0 2-0 3 0 4-0 9 
Thermal diffusivity (m2s"1)x10"8 4 63-6 95 9 26-20 83 (a=k/pc) 
Thermal penetration J m·2 s·l/2 Kl 929-1138 1314-1971 
coefficient [b=(kpc)112] 
Factors causmg vanance m human skm can be spht into two types, these are mtra-
subJect factors and mter-subject factors Intra-subject factors mclude reg1onal 
d1fferences m ep1thelial structure and thickness, the state of vasodilatation or 
vasoconstnction Inter-subject factors include age, occupatiOn, gender and ethnic 
d1fferences 
If sk:tn or tissue IS cooled due to exposure to an environmental cond1tion, a rate of 
coolmg and resultant thermal grad1ent w1ll occur For a high thermal grad1ent, there is 
a greater temperature difference between the skin and the deeper tissues of the finger 
For a small thermal gradient, th1s d1fference in temperature is less When considering 
skm coohng, the thermal interaction of the different components of the system as a 
whole must be considered and this will be dependent upon the thermophysical 
properties of these components These are detailed in Table 2 2 Differences in 
density and specific heat of skm between the values given m this table in companson 
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to the values gtven in Table 2 1 are due to the apprmamate 'static' values gtven in 
Table 2 1 as a consequence of the dynamic and 'living' nature of human skin 
Table 2.2. The thermophysical properties of the tissues in the hand (Sekms and 
Emery 1982) 
Thermal Specific Density Tissue Qualification Conductivity heat (Kg m·3) rN m-1 K·1) (J Kg·1 K-1) 
Skm cold hand 0 335 
normal hand 0 960 3770 1000 
Fat pure fat 0 190 2300 850 
Muscle livmg muscle 0 642 3750 1050 
Bone cancellous 0 582 1590 1300 
cortical 2 28 1590 1700 
Blood whole blood 0 549 3640 1050 
2.5 Cold injuries 
As previOusly descnbed in section 1 3, the response to a declining internal body 
temperature is vasoconstrictiOn as an attempt to conserve body heat and minimise heat 
exchange with the environment As a consequence heat mput from blood flow 
through the extremities is greatly reduced and a dechne in skm temperature of these 
areas occurs Prolonged penods of vasoconstrictiOn m the penphery increases the risk 
of cold inJury such as frostnip, frostbtte and chtlblains 
Frostbrte 
Frostbtte is caused by the freezmg of the flutds around the cells of the body tissue 
Dunng sustained freezmg at a relatively slow rate tee crystals begm to form in the 
extra-cellular fluid (Asahina, 1966) As extra-cellular fluid turns to ice, this 
concentrates the extra-cellular electrolytes Water is then lost from the cell by 
osmosis Thts continual water loss from the cells eventually causes cell death During 
the exposure to a faster rate of freezmg ice crystal formation occurs both extra and 
intra-cellularly, causmg Immediate phystcal damage and cell death (Whittaker, 1972) 
The faster the rate of coohng, the greater the tee crystals formed - large ice crystals 
have been found to produce phystcal destruction of cell membranes (Holden and 
Saunders, 1973) 
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Symptoms leading to frostbite include an uncomfortable sensation of cold and pain 
followed by numbness Additwnal symptoms include tinghng and stinging that may 
eventually subside, the skm changing to a white or greyish-yellow colour, progressmg 
to redish-vtolet and eventually black There is also the appearance ofbhsters (Reamy, 
1998) 
Frostmp 
Frostnip ts a reverstble tee crystal formation at the skin surface Actual freezmg does 
not occur It develops as a rule, slowly and painlessly to a certain point, vistble 
symptoms are sudden blanchmg or whiteness of the skm surface (Fritz, 1989) 
Non-freezmg cold m;unes 
A result of repeated exposure of bare skm to cold water or from wet coohng of an 
extremtty (such as mud) over number of hours or days at temperatures shghtly above 
freezing Capillanes of the skm are mitially damaged wtth the onset of necrosis or 
gangrene The affected area becomes chromcally swollen, weak and sensttive to cold 
Further symptoms are red swollen skm that feels hot, tender and ttchy (Fritz, 1989) 
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3. Human hand 
The aim of this research is to investigate the skin cooling effects of the fmgertip as a 
consequence of conductive heat exchange due to contact with cold materials. In order 
to fully understand this process, the structure, blood supply and the skin of tile hand 
and ftngers must be considered. 
3.1 Hand structure 
The structure of the hand is such that it allows it to interact extremely efficiently with 
the environment by allowing a unique range of motion and dexterity. The structure of 
the human hand can be divided into three segments: the carpus, metacarpus and 
phalanges and these can be seen in figure 3. I . 
Figure 3.1. Bones of the human hand (Dorsal surface) (Eaton, I 997) 
- The carpus consists of 8 bones and are arranged in two rows, an upper and lower 
row. The carpus provides stability and articulation to the base of the hand. 
- The metacarpus consists of 5 cylindrical bones called ·'metacarpals". They are 
curved in shape longitudinally convex from the back and concave from the front. 
The bases of the metacarpals articulate with the carpus and provides attachments 
for Ligaments, where areas the upper portions of the metacarpals are more 
triangular in shape and attached to extensor muscles by tendon on the dorsal side. 
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- There are a total of 14 phalanges in the human hand, three in each finger and two 
for the thumb. They are concave from the front and convex from the back and 
become smaller progressing to the distal phalanx. Attachments to flexor tendons 
are apparent along the side of these bones. 
3.2 Fingertip structure 
The structure of the fingertip is rather unique and is shown in figure 3 2. It can be 
seen that lying underneath the skin surface of the fmger-pad there is the finger pulp. 
The finger pulp is situated on the volar side of the distal phalanx and is a richly 
vascularised tissue, dense in nerves, sensors capillaries and septa Behind the distal 
phalanx lies the nail plate - an avascular structure covering the nail bed. 
D1stal phalanx Nail bed 
Figure 3.2. Structure of the fmgertip (Wolfram-Gabel & Sick, 1995) 
3.3 Blood supply of the hand 
The blood supply for both the hand and fingers originates from the deep and 
superficial palmar arch. The deep palmar arch is a branched artery formed from the 
radial artery of the arm and the superficial palmar arch is a branched artery formed 
from the ulnar artery of the arm. The blood supply of the hand is illustrated in the 
arteriogram in figure 3.3 and the illustration in 3.4. 
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Figure 3.3. Ao arteriogram demonstrating Figure 3.4. An illustration demonstrating 
the blood supply ofthe right hand (Eaten, the blood supply ofthe left hand (Brilliant, 
1 997) McMurtrie and Porter 1997) 
3.4 Blood supply of tbe fingers 
The dorsal digital arteries are small and arise as branches of the radial artery. They 
undertake anastomoses with the superficial and deep palmar arches and the palmar 
digital vessels before passing distally into the fingers. Despite being in pairs, one 
digital artery is usually the dominant one (Smith et al. 1991 a), the arteries on either 
side of the digit anastomse via dorsal and palmar arches around the distal phalanx 
(figure 3.5). The pulp and nai l bed are richly vascularised with blood flowing from the 
digital arteries into a network of arterioles, through capillary loops immediately under 
the epidermal layer. Blood leaves the fingertip through the venules to the digital 
arteries (figure 3.6). 
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Fig 3.5. Arterial supply of the fingertip 
(Baran et al. 1994) 
3.5 Skin of tbe band and lingers 
0Jrsal P.al.ur 
lateral 
Fig 3.6. Venous anatomy of the fmgertip 
(Smith et al 1991b) 
The structure of the human skin was described in section 2.1. The fmgertip is defmed 
as the portion of the finger distal to tbe plane of the major dorsal and palmar skin 
creases at the distal interphalangeal joint articulation (Burch and Sodeman, 1938; 
Isbell, 1939). As discussed in section 3.2, the distal pulp is a richly vascularised 
portion of tissue of the fingertip. The distal pulp behaves like a compression pad and 
distributes pressure applied when loaded, it is therefore important for grip and pinch 
functions and for tactile sensation (Shrewsbury and Johnson, 1975; Brand and 
Hollister, 1993). When investigating the interaction of short-term skin contact with 
cold materials in a working or recreational environment It is logical to assume that the 
vast majority of contact will be with the skin of the fmgers and more specifically the 
fmgertips, it is therefore important to consider the specific structure and properties of 
the skin of this particular area. 
Thickness of both epidermal and dermal layers can vary considerably on the 
fingertips. Dermal thickness can be affected by many factors, most notably sex, age 
and body region (Tur, 1997; Vitello-Zuccarello, 1994). The epidermal thickness of the 
fmgertips is also affected by many factors, most notably by sex and occupation. 
CHAPTER I - Jntroduchon 16 
Cornified epidermis (Stratum corneum) is thickest on the finger-pad and the lateral 
sides of the index finger, more so than any other digit apart from the thumb, and also 
thicker in males than females (Fruhstorfer et al. 2000) Stoll (I 977) found that the 
epidermal thickness of the heavily callused fingers of a machine-technician were 
thicker than that of a desk worker The insulative properties of the thicker epidermis 
was subsequently found to significantly delay the pam threshold time for fast heating 
conditions for contact with a hot surface The thickened keratm layer of the epidermis 
of the fingertip has been found to affect perceived roughness due to a decrease in the 
coefficient of elasticity Lederman (I 976), in a study investigatmg skm sensitivity, 
observed that the mdex finger had the largest build up of callus as a result of most 
frequent use 
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4. Physiology of the hand in the cold 
In section 1 3 the phenomena of "phystologtcal amputatiOn" was dtscussed m relation 
to the response of humans to the cold Thts IS a consequence of the vasoconstriction of 
the skm artenes and for the extremities thts vasoconstnction has a drastic effect upon 
the blood flow of the hands, with rates of flow dropping by as much as 90% of that of 
the body under room temperature The resultant msulative capactty of the skin under 
this maximal vasoconstnct10n mcreases by up to 5 times (from 0 04 to 0 20 m2KW-1) 
(Gordon 1974) Part of this response is a result of the loss of water from the tissue of 
the skm and an mcrease in the relative concentratiOn in fat 
The vasoconstrictive responses of the extremities under cold conditions are a 
consequence of the way m which arterial blood returns through the venous system 
Blood supplied to the arms and legs by large arteries can return etther by superficial 
vems near the skm surface or by deep companion veins adJacent to the main artenes 
Under cold conditions, most of the venous return from the arms and legs ts carried m 
the deep veins minimising heat exchange wtth the environment at the skm surface and 
also conserving thermal energy by counter -current heat exchange with the warm 
artenal blood (Raman & Roberts, 1989) The extent to which the extremities 
vasoconstnct with a progressively cooling environment IS illustrated in figure 4 1 
When the ambtent temperature decreases to approximately 22°C, the skm of a naked 
man starts to show regional dtfferences in skin temperature that can vary widely from 
one region to another Already at room temperature 20-30% of the body mass (skm, 
subcutaneous tissue and penpheral parts of extremities) will adopt a new role of 
"bark" or "shell" with less importance for the health of human being In extremely 
cold condttions man is physiologically ready to reject even 50% of its total mass by 
freezing Lowering of the skin temperature dtmimshes the temperature gradtent 
between the skin and the environment, whtch further decreases heat loss 
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Blood flow decreasing 
Ambient temperature decreasing 
Figure 4.1. Blood flow responses with decreasing ambient arr temperature 
(Lehmuskallio, 2000) 
4.1 Mechanisms of blood flow control in tbe hand 
The regulation of blood flow to the extremities at low ambient temperatures is 
primariJy determined by the thermal state of the body as a whole. Rapaport el al. 
(1949) found that when exposing the bands only to a severely cold environment blood 
flow levels and skin temperature of the hand remained elevated due to the therma l 
state of the body as a whole. When cooling the body vasoconstriction of the hands is 
drastic and the mechanisms that control this blood flow are discussed here. 
Blood flow to the band in the cold is regulated by the arteriovenous anastomoses 
(A V A). At a wann body temperature blood flows in large quantities throughout the 
hand and fingers this is facil itated by the opening of the AV As allowing the venous 
return of blood to occur through the superficial veins near the skin surface thus 
allowing beat exchange to the environment. Wilkins et al. (1939) found that blood 
flow to the distal phalanx was greater than that of any other area of the finger. T his 
CHAPTER 1 - Introduction 19 
---- ----
was explained by the greater density of A V As present m the distal phalanx A V As are 
abundant in the pads and nail beds of the fingers but they also found elsewhere such 
as the toes, ears and nose (M1dttun & Se]fsen 1996, Daanen 1997} They have a 
relatively large diameter, on average 35 11m (20-70 11m) as compared to capillanes 
(5-10 11m) and are richly supplied with nerve fibres (Grant & Bland 1931) As the 
body becomes cooler the activation of sympathetic nerves leads to active 
vasoconstriction- the A V As close, greatly reducmg blood flow through the hand with 
the remaming blood flow return through the deep veins located close to the arteries 
4.2 Methods of blood flow measurement 
Different methods of skin blood flow measurement have been developed over the 
years With constant external conditions, blood flow can be measured by simply 
monitoring skin temperature due to their hnear relationship This method was used by 
Rapaport et al. (1949} whilst investigating the extent of the autonomic control of 
blood flow ofthe hands and feet and was found to be effective However, this method 
of blood flow measurement also has its limitations, the hnear relationship between 
blood flow and skm temperature only remains so up to temperatures of between 32°C 
and 34°C It has also been found that there is a considerable Jag effect between change 
in blood flow and skin temperature, and as a consequence accuracy has been found to 
suffer (Foster et al. 1946, Cooper et a! 1949, Fletcher et a! 1949) 
The measurement of hand and finger blood flow can also be momtored by 
plethysmography with venous occlusiOn The technique involves the mflation of an 
occlusiOn cuff to above venous pressure (50 - 60mmHg), but below artenal pressure 
Swelling and a resultant mcrease m forearm or finger volume (whichever IS 
appropnate) occurs due to the presence of the occlusiOn cuff and the m crease in 
volume is measured using a plethysmograph - often this can take the form of a 
mercury strain gauge or a water bath in which increase in hand or finger volume can 
be momtored by an increase in volume of the bath These methods have been used 
extensively and Catchpole (1954) developed a modified plethysmographic technique 
for measunng blood flow through the hands and fingers by comparing a water bath 
plethysmography measurement with a heat flow disc method It was found that the 
heat-flow discs used consistently followed the plethysmographic readmgs and 
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therefore proVIded a useful way of momtoring both skin temperature and blood flow 
concurrently without the laborious procedures required for plethysmography, the only 
exception bemg for condttions where changes in blood flow were excessively raptd 
The measurement of digital blood flow can also be achieved wtth the use of a laser 
doppler techntque and this has been used extensively m the recent past Johnson et al. 
(1984) compared laser-doppler velocimetry wtth plethysmography and found very 
high correlation between the two, it was suggested that laser-doppler provides a 
measurement techntque that allows blood flow measurement at sttes not accesstble to 
tradttional plethysmographic techmques and also provtdes a method that facihtates 
constant monitoring, however the cost of such equipment must be evaluated m terms 
of tts required application and can only monitor the arteries and venules wtthin 2mm 
of the skm surface Other measurement techntques include radiOisotope clearance 
which is invastve and time-consuming and estimated capillaroscopy 
4.3 Cold acclimation of the hand 
The human body has a capabthty of adJustmg to a cold climate both psychologically 
in terms of adaptive mechanisms and also physiOlogically in terms of the alteration of 
reactiOns and anatomical structures 
Local physwlogtcal acchmation of the hand has been found m a number of studies, 
wtth the long term effects of regular local cold exposure showing increased blood 
flow through the hands when compared to unacclimated subjects This was found to 
be the case with Gaspe fishermen (LeBlanc et al. 1960} where higher finger skin 
temperatures were found when compared to a control group The onset of cold 
mduced vasodilatation (CIVD) (see sectiOn 4 4) was found to be significantly earher 
and hand skin temperatures found to be significantly htgher m Bnttsh fish filleters 
when compared to control subjects (Nelms and Soper, 1962) Massey (1959) observed 
a group of new amvals m Antarctica and compared them to a group staying for a 
second consecutive year Dtfferences m cold acchmation m terms of finger sensitivity 
were initially found but lost within 6 weeks of arrival Restmg finger skin 
temperatures were found to be the same between the two groups, but there was a 
significant fall m these temperatures throughout the year Second year men were 
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found to have greater immumty to frostbite under experimental conditions 
Physiological adaptation has been found to be a result of repeated exposures and not a 
consequence of genetic d1fferences Th1s has been shown by Purkayastha et a! (1992, 
1993) who found that that tropical residents developed a more pronounced CIVD 
react1on seven weeks after an arrhft to an arctic region and that the response was even 
indistingUishable from the response of arctic residents Chrome local exposure to cold 
has been found to have the most profound physiological acclimating effect, Adams 
and Smith (1961) found that repeated exposures of the index finger in a stirred ice-
water bath for 20 minutes, four times daily for on one month produced a local cold-
conditioning effect due to enhanced CIVD The 1ssue of acclimatwn is not that clear 
however, as a number of stud1es have shown that physiological responses do not 
change after repeated exposure (Burton and Edholm, 1969, Gonzalez and Berglund, 
1979, Hellstrom, 1965) 
Psychological adaptation to the cold can occur Wtth regards to sensitivity to the cold 
and levels of pam Enander et a! (1980) compared meat cutters with a control group 
and found that desp1te there not being a significant difference between the hand skm 
temperatures of the two groups, lower pain and cold sensation was experienced in the 
cold-accustomed group and s1m1lar skin temperatures Le Blanc et a! (1960) found 
that Gaspe fishermen complained less about cold pam and Hellstrom (1965) also 
found an adaptation effect of cold pam It IS hypothesised that psychological 
adaptation to the cold IS a result of the central nervous system becommg accustomed 
to repeated cold exposure (LeBlanc and Potvin, 1966) 
4.4 Cold induced vasodilatation (CIVD) 
The phenomenon of cold induced vasodilatatiOn (CIVD) was first described by Lew1s 
(1930) It is a cyclic vasodilatation response after a period ofvasoconstnction during 
hand cooling due to the opemng of the artenovenous anastomoses (A VAs) in the hand 
and fingers allowing blood flow to increase and as a result elevatmg finger and hand 
skm temperature CIVD cycles vary m frequency and duratiOn but occur 
approximately I 0 minutes after imtial immerswn, the repetition of the initial CIVD 
cycle IS referred to as "huntmg reaction" or "Lewis-reactlon" (Kramer and Schulze 
1948, Werner 1977) Kramer and Schulze (1948) found that the duration of the 
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huntmg reaction increased with decreasing air temperature In water, a hunting 
reaction was not found in temperatures above 18°C (Lewis, 1930) and above 15°C 
(Hirai et al. 1970), with the advised optimal temperature being 5°C 
Daanen and Ducharme (1999) investigated the effect of thermal body state on CIVD 
response of the finger and found that onset time of CIVD was sigmficantly prolonged 
m a mildly hypothermic condition than m a neutral condition It was also found that 
mean finger CIVD onset time under thermoneutral conditions was 7 2±2 2 mmutes, 
whereas for hypothermic conditions it was found to be 13 0±3 8 mmutes Daanen et 
a/ (1997) found an influence of internal temperature on the CIVD responses of the 
fingers, finding that with a warm body in a cold environment there is more 
vasodilatatiOn and a higher accompanying finger skm temperature than with a cold 
body 
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5. Objective measurement of finger cooling 
In order to assess the extent of finger skin cooling in response to fingertip contact 
w1th cold material several considerations must be made when deriving the optimal 
method for this measurement 
5.1 Methods of measuring finger skin cooling 
Typically, experimental procedures for the measurement of skm temperature m 
response to a g1ven thermal env1ronment IS ach1eved with the use of skm thermistors 
For the purpose of measunng skm cooling in response to contact w1th a solid matenal 
these sensors too large and are msulated on one side by a cover The application of the 
present research reqmres a sensor sufficiently small so that 1ts presence has a 
negligible effect upon the nature of contact occurring between the skm and solid 
matenal surface Work investigating the freezmg pomt of finger skin was performed 
using thermocouples Keatmge and Cannon (1960) found the true freezing point of 
human fingers to be -0 6°C m brine, however this was only when surrounded by 
several layers of plaster in order to minimise heat loss Hellstrom (1965) concluded 
that the difference in recorded temperature between a skm surface and superfic1ally 
located mtracutaneous thermocouple is very small Therefore W1lson and Goldman 
(1970) used a thermocouple fixed m place on the finger skin surface using collodion 
when mvestigatmg the freezing point of finger skin at varying air velocities This was 
also done by Molnar et a/ (1973) when investigating the effect of skin wettmg on 
finger cooling and freezing and Wilson et al. (1976) when investigating the 
supercooled freezmg pomt of finger skm For the measurement of skin cooling during 
contact with a solid surface the use of heat flux sensors for example are impractical 
and will disturb the quality of contact with the material due to their bulky size The 
use of thermocouples are therefore considered to be the optimal way of maintaining a 
true contact between skin and solid due to the very slight dimensions Tape applied 
d1rectly to the sensor on the finger-pad would agam affect the nature of contact and 
would provide an msula!ive effect The thermocouples are therefore reqmred to be 
taped below the contact s1te prov1dmg a bare sensor measunng the contact 
temperature. On contact, equilibrium IS ach1eved at some pomt intermediate between 
CHAPTER 1 -Jntroduchon 24 
the two imtial temperatures, not the original temperature of either the sohd or skm 
surface before contact (MacAdams 1954, Vendrik and Vos, 1957) The only way in 
whtch this effect can be avOided is by selectmg a probe material of exactly the same 
thermal properties of the skm, or pre-coohng of the sensor, both solutions are either 
Impractical or Impossible However, Stoll (1977) states that the reproducible relative 
values rather than absolute ones are often satisfactory for the clinician's purpose and 
in such instances a probe contact method ts very convement For the purpose of 
protection, contact temperature thresholds for skin freezmg are found to be 0°C whtch 
ts slightly above the absolute skin freezing value -2 2°C to -0 6°C (Chen et al. 1994) 
Thts shows that there ts dtscrepancy between the relative values provided by the 
contact probe method used and the absolute values that would be provtded by an 
Impractical non-contact method, however this can be simply accounted for by 
workmg to cntical contact temperatures The contact thermocouple method has been 
used wtdely for the assessment and momtonng of skin contact coohng (Havemth et 
al. 1992, Chen et a/ 1992,1994, Imamura et a/ !998, Rintamaki et al. 
1997,1998,2000, Geng et a/ 2000, 2001, Rissanen et a/ 2000) 
5.2 Contact temperature measurement considerations 
Some studies have measured contact temperature over !-minute intervals (Havemth et 
a/ 1992, Rintamakt et al. 1997, lmamura et al. 1998) and in Havenith's study it was 
constdered that "apparently there were local cold spots with lower temperatures than 
measured by the contact thermocouples" The latter suggests that the coohng area 
needs to be covered wtth a sufficient number of probes to ensure that representative 
values are obtamed This is most relevant for whole hand contact coohng, but for the 
fingertip it is assumed that a single thermocouple wtll provtde a representative 
measurement When considering sampling frequency, I minute intervals are sufficient 
when momtonng slow cooling processes (i e >I 5 minutes to reach a contact 
temperature of 0°C), but when monitonng the contact cooling with metals (i e 
cooling to a contact temperature of 0°C within I minute) a much htgher sampling 
frequency is required Given the technology used, sample frequencies of above lHz 
are feast b I e 
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6. Subjective measurement of finger cooling 
Subjective sensations are an essential consideratiOn for an ergonomist assessing the 
interaction of the human with a given thermal environment and in an industrial setting 
these responses are of paramount importance in terms of safety and productivity The 
present research concerns local cooling of the fingers in contact with cold materials, 
and the combination of a warm body and cold extremtties ts common m occupational 
work, where cold hands are indtcated as maJor source of discomfort (Enander et al 
1979) Therefore, the subjective sensations of pnmary mterest are local thermal and 
pam sensation 
6.1 Thermal sensation 
Thermal sensation is a psychological phenomenon It is not possible to define a given 
sensation m phystcal or phys10logtcal terms (Parsons, 1993) However, there have 
been a number of studies conducted attempting to correlate physical conditions wtth 
thermal sensation and therefore providing a model on whtch thermal sensation can be 
predtcted from environmental parameters Fanger (1970) devised such a model in an 
attempt to control thermal environmental parameters (physical conditions) to provide 
comfort (a psychological phenomenon) for those exposed to tt Thts was called a 
Predicted Mean Vote (PMV) The scale on whtch thts model was devised was based 
upon affective judgements ( e g warm, neutral, cold etc ) as opposed to comparative 
JUdgements (e g warmer or cooler) Fanger hypothesised that the degree of thermal 
dtscomfort was a functiOn of thermal load and the activtty level Nevins et al. (1966), 
Fanger (1970), McNall et al. (1968) provided data from which a predicted mean vote 
(PMV) equation could be devised The interaction of the 6 basic thermal 
environmental parameters (see section 1 1) was analysed and a calculation was 
devised accountmg for the correlation of 3 500 combinations of these parameters with 
the thermal sensation experienced based upon the scale shown in figure 6 1 The 
resultant mformat10n also provided data to predtct PPD (Predicted Percentage 
Dissatisfied) providing practical information of the number of potential complaints 
about a gtven thermal environment The Fanger model was used as an International 
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standard for moderate environments "ISO 7730 (1994) - Determination of the PMV 
and PPD mdices and specification of the conditions for thermal comfort" 
Vote Description 
+3 Hot 
+2 Warm 
+1 Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 Cool 
-3 Cold 
Figure 6.1. PMV thermal sensation scale 
(Fanger, 1970) (ISO 7730, 1994) 
The present research requires a similar thermal sensation scale, however based upon 
the fact that it is the effect of local conductive cooling that is being investigated it is 
logical to modify the existmg ASHRAE (1966) scale upon which Fanger's PMV 
model is based It is anticipated that the coohng occumng in the study may induce 
more extreme thermal sensation responses than those represented on the ASHRAE 
scale and the resultant modifications were based upon this The scale denved was 
therefore not required to be bi-polar but extended mto extreme cold sensations and 
account for actual thermal sensation and not comfort as previous studies have 
mvestigated (Havenith et al. 1992) The scale derived is shown m figure 6 2 
Vote Description 
+2 Warm 
+1 Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 Cold 
-3 Very cold 
-4 Very, very cold 
Figure 6.2. Modified thermal sensation scale 
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6.2 Pain sensation 
The extreme coohng anticipated in the present study is expected to be accompamed 
by cold-induced pam (see section 2 3) The current concept of cold-mduced pam is 
that tt is due to the "local vasoconstriction gtvmg rise to pain and the pain ehcits the 
pressure reaction and cardio-acceleration medtated by some complex central 
mechanism" (Eide, 1965) Cold-mduced pain has been found to occur at a range of 
skin temperatures, 21°C, l6°C and 10°C for cooling in air (Enander, 1986, Chatonnet, 
1965, Hellstrom, 1965) and between l4°C and 23°C (with an average of 19°C) for 
whole hand contact cooling (Havenith et al. 1992) Kunkle (1949) investigated finger 
cooling in an ice-water bath and dtscovered a phastc nature to the pain experienced 
He found that a "first pam" would peak after 2-4 mmutes, a response to the cold 
stimulus and the pain attnbuted to etther the vasoconstrictiOn occumng or dtrect 
m Jury to the chilled tissues or nerves This initial pain substded after 4 to 8 mmutes, 
but after I 0 mmutes a "second pam" occurred and was accompamed by a nse m skin 
temperature m recovery from the considerable vasoconstriction occurring dunng 
mitial cooling through CIVD and the pain ofthts phase was attnbuted to the dtlatation 
of m Jured vessels 
Methods by whtch pain ts assessed vary and these were summarised by Merksey 
(1973) Threshold of pain complaint, pomt of maximum tolerance, duratiOn of pain, 
response to a fixed noxious stimulus, Dol scale of just noticeable differences, verbal, 
vtsual or audttory rating scales and measurement of drug dosage reqmred to abate 
pam Complaints of pam are based upon physiological factors and vary greatly 
between indtvtduals Thresholds are thought to be affected by groups, such as sex, 
ethntc origin, moods etc 
The pain responses anticipated in the present research were requtred to be assessed 
such that particular pam levels can be investigated in terms of accompanying 
objective measurements (e g skin temperature) Levels of pain of particular interest 
would be onset and tolerance The most suttable method of assessment for the 
experimentation to be conducted was based upon a rating scale (similar to thermal 
sensation) Due to the great individual vanation found m prevtous studies a 
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reqmrement of the pain scale to be devised was simplicity For this purpose the 
number of points used were mmimal and only referred to dtstinct levels of pain 
(mcluding those specifically required for particular analysts) The correspondmg 
numbers were positive in order to avoid confusion wtth the anticipated accompanying 
thermal sensation (negative values) and due to the fact that pain was mcreasmg The 
pam sensation scale derived ts detatled in figure 6 3 This is based upon a simtlar 
principle to that used by Havemth et a! (1992) who used a I 0-point scale, wtth named 
mcrements rangmg from "No pain at all" (6) to "Unbearably pamful" (16) 
Vote Description 
0 No pain 
1 Slightly painful 
2 Painful 
3 Very painful 
4 Intolerable pain 
Figure 6.3. Derived pain sensation scale 
6.3 Recording subjective responses 
Subjective responses to supra-threshold cold stimuli have been measured on a 
continuous scale with success (Davis, 1998, Morin and Bushnell, 1998), however the 
nature of the anticipated experimentation in the present research ts expected to require 
auditory responses due to the fact that hands cannot be used This tmposes a hmitation 
to the extent to which a particular scale can be used by making subjective assessment 
on a continuous scale Impractical and susceptible to errors Thresholds and levels of 
pain have also been recorded with success using an ordinal scale, wtth the most 
accurate results being recorded using responses initiated by the subJeCt with use of a 
button or audttory responses upon experience of a gtven sensation (Chery-Croze, 
1983, Chen et a! !996, Harnson and Davts, 1999) 
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7. Hand and finger skin in contact with cold solid surfaces 
The d1rect contact of human skin w1th a cold solid surface will result m a more 
significant thermal InJUry than a convective exposure in a cold environment of the 
same temperature The nsk of pain, discomfort and skin damage IS increased and 
indeed in some case where conductive cooling is particularly rapid, the initial warning 
of cold pam IS often missed before the development of frostbite begins and IS 
therefore not noticed (Killian and Graf-Baumann, 1981) The resultant heat transfer 
from the warmer skm to the colder sohd surface is dependent upon a number of 
factors such as a) Properties of the contacted object surface (Pathak et a! 1987, 
Havenith et a! 1992, Chen et al. 1994, Rintamaki et al. 1997), b) Human hand skin 
and mdividual differences (Hellstrom, 1965, Burse et al. 1979, Havemth et al. 1992, 
Chen et al. 1994, Rmtamaki et a! 1997), and c) The constitution of the contact 
(Havenith et al. 1992, Chen et al. 1994, Imamura et al. 1996, Rintamaki et al. 1997). 
7.1 Properties of the contact material 
The thermal properties of the contact material such as specific heat and thermal 
conductlVlty have a profound effect upon the heat exchange between the human skm 
and material surface (Holman, 1989) In several stud1es the thermal penetration 
coefficient was used to characterise material (Chen et al. 1992, Havemth et a! 1992) 
Thermal penetration coefficient is an expression of matenal thermal properties (BSI 
1978, Yosh1da et al. 1989) and is defined as 
y, 
b= (k•p•c) 
where k is thermal conductivity ( W•m -I •K ·I ), p 1s dens1ty ( Kg•m -J ) and c 1s 
specific heat ( J•Kg -'·K ·I) 
Examples of thermal properties of various materials are given m Table 7 1 
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Table 7.1. Thermal properties of various materials (Parsons, 1993) 
Thermal SpeCifiC Thermal Thermal Conduct1vrty Dens1ty Heat DlffUSivrty PenetratiOn Matenal (50 'C) (p) (c) (a=kp·'c-1) coeffic1ent (k) (b=kpc) 112 
Wm.1 K"1 Kg m·' JKg.1 K 1 m2s1 x(IO-s) J m·'s·ll2 K"J 
Alunumum 204 2700 900 8395 22265 
Coooer 382 8900 390 1005 36413 
Gold 293 19300 126 12049 26693 
Glass 0 76 2600 840 35 1288 
Grarute 1 7-40 2700 816 77-181 1935-2969 
PmeWood 0 ll-0 15 432-641 2803 6-12 365-519 
Other material properties that may affect contact cooling are surface roughness and 
pohsh (Holman, 1989) 
7.2. Human hand skin and individual differences 
The heat exchange at the skin-matenal interface is influenced by the thermophysical 
properties of the human skm (see Table 2 I and 2 2) and the state and nature of the 
skin Itself, such as wetness and skin thickness (Molnar et al. 1973, Stoll, 1977) 
PhysiOlogical factors to be considered that vary greatly between mdividuals and in 
everyday hfe are body thermal state and blood flow of the micro-circulation under the 
skin (Holmer, 1998) Individual variation has been found to be extensive in past 
contact cooling studies (Havenith et al 1992, Chen et al. 1994) and It has been 
suggested that factors that have been found to affect whole-body cooling, such as 
difference m racial and geographical groups (Hellstrorn, 1965) and between genders 
(Burse et a! 1979), may be a cause of the variation found m contact cooling 
responses 
7.3. Constitution of contact 
Task requirements m an industrial settmg where workers may be at nsk to exposure to 
cold surfaces often involve the pickmg up of small cold objects or the accidental 
contact exposure to cold surfaces such as walls or machine parts etc The range of 
matenals m such an environment are potentially large and knowledge of the effect of 
the mteraction of human skin with these materials at a range of temperatures is 
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somewhat limited Chen et al. (1992) mvestigated the finger-pad coohng responses of 
alummmm, wood and plastic between temperatures of -JOC and -14°C and Havemth 
et al. (1992) mvestigated whole-hand contact with a range of materials However, the 
effects of the mdividual variations discussed earher require further mvestigation 
Furthermore, contact pressure wtll be dependent upon the task reqmrements of a 
given job It is anticipated that this will vary wtthin such a workmg environment, 
therefore the effect of contact pressure on contact coohng response merits 
mvesttgation Studies by Chen et al. (1994) and Geng et al. (2000) have found 
mcreases m contact pressure to increase rate of skin cooling, however contact 
pressures below those tested m these studies (1 ON) may be of interest in terms of 
mvesttgating the effect of the micro-circulation of the fingertip at pressures low 
enough to allow for capillary blood flow 
7.4 Analysis of contact cooling curves 
Molnar et a! (1971, 1973) applied Newton's law to the cooling of fingers in a cold 
wmd Newton's law IS 
In =-K 
Where T,k = skin temperature 
t =time 
In = natural logarithm 
T a = air temperature 
o =zero time 
K is the slope of the !m ear trend of the semi logarithmic plot and the coohng 
constant 
A Newtonian cooling curve of a sohd manimate body to environmental temperature 
can be described as 
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-th 
T,k(t} = Ta + dT • e 
Where d T = startmg skin temperature mm us environmental temperature 
t = time constant of the cooling process 
The hand is not an inanimate body and therefore when there is a steady input of heat, 
a system cools not to air temperature but to a steady state temperature T F, whtch is a. 
degrees above air temperature, 1 e Tp = Ta+a. The Newtoman cooling curve of the 
hand touching a solid matenal at environmental temperature T a can therefore be 
descnbed as 
Where T0 is the T,k at time= 0 
Havenith et al. (I 992} used a Newtonian coohng equation to analyse contact cooling 
curve data from whole-hand contact with solid cylinders The equation used a single 
time constant (t} and calculated an equilibrium temperature for the hand (TF) =50+ 
0 86T a, this was based upon the tts heat balance in terms of input of heat from blood 
Chen et a! (1992, 1994) used a modtfied Newtoman coohng curve incorporatmg two 
time constants, t I dominating the first part of the coohng curve (part A) and 't2 
dominating the second part of the coohng curve (part B) The resultant Newtonian 
coohng equation ts shown below 
-thl -tl-t2 
T(t}=Tp+(T0 -Tp}•(A•e +B•e ) 
Where T(t) = skin temperature at timet 
To = Startmg skin temperature 
T F =Final skin temperature when contact duration is infinitely long 
t 1 = Time constant of coohng process A 
A = Proportion of overall coohng dominated by time constant t 1 
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't2 = Ttme constant of coohng process B 
B = Proportion of overall cooling dominated by time constant 't2 
Analysis of the recorded contact cooling data by regressiOn using the modified 
equation above allowed the determination ofT F, A, B, 't 1 and 't2 
7.5 Critical temperatures 
Most dysfunction of the hands has been shown to be related to skin temperature 
Occurrences of pain have been reported at a range of skin temperatures (of the back of 
the hand), below 21°C (Enander, 1986), l6°C (Chattonet and Cabanac, 1965) and 
I ooc (Hellstrom, 1965) Specifically for contact skm temperatures, it has been found 
that the onset of pain occurs wtthin the range of 23°C and l4°C (Havenith et al 
1992) Marked deterioration in tactile discnmmatwn was found to occur at finger skm 
temperatures below 8°C (Provins and Morton, 1960) A considerable degree of 
numbness was found in a third of subjects at finger skin temperatures of around 7°C 
and 8°C (Morton and Provins, 1960) Skin in air has been found to freeze at slan 
temperatures below -I 0°C, due to supercooling of the finger tissue (Wilson and 
Goldman, 1970, Wilson et a! 1976) For skin in contact with cold metal, skin freezing 
was observed to occur at slan temperatures of -2 2°C (Lewis and Love, 1926) The 
estimated theoretical freezmg point of skm without the presence of supercooling was 
found to be -0 6°C (Keatmge and Evans, 1960) 
Based on these data, representative threshold temperatures for the purpose of time 
analysts are suggested as l5°C for pam onset, re for the blocking of sensory 
receptors and the occurrence of numbness and ooc for onset of freezing of contactmg 
skm !Issue (Holm er et al 2001) 
7.6 Models of extremity cooling 
Of the existing models of extremity cooling, very few relate to hands in contact with 
cold surfaces Useable empirical models have been provtded by work done by 
Havemth et al (1992) providing predictive equations for the rate of coohng of the 
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hand in contact wtth sohd cylinders of various materials, for bare and gloved hands 
Factors affecting this coohng were material thermal properties, surface temperature 
and precedmg exercise Chen et a/ (1992) provides a predictive model for change in 
contact skin temperature for the exposure of the middle finger-pad wtth aluminium at 
-l°C, -5°C and -l4°C, and plastic and wood at -20°C wtth a finger contact force of 
9 8N Chen et a/ (1994} provides a further emptrical model of the contact of the dtstal 
phalanx of the mdex finger wtth aluminium predicting the effects of pressure, mass 
and whole body thermal balance wtth eo ntact surface temperatures of+ 7°C, 0°C and 
-7°C An analyttcal model for bare hand contact cooling ts provided by Lotens (1992} 
whtch is based upon the previous work by Havenith et a/ (1992) Thts model works 
on the basis of heat being earned by the blood flow (Q) into the hand and then 
dissipated into the contacted matenal The model was divided into several layers and 
then compartmentalised The amount of blood flowing into the hand was a function of 
core temperature, the average skin temperature and local skin temperature However, 
the effects of blood flow are not known and the effect of contact pressure was not 
considered A simple analytical model for finger contact with cold materials is 
provided by Den Hartog et a/ (2000} This was derived by fitting a cylindrical model 
stmulatton to observed contact cooling data and the resultant model identified the 
parameters such as finger diameter, a finger core, inner shell, outer skm surface and 
accounted for contact surface area and changes in temperature of the material surface 
However, no heat mput due to blood flow were considered 
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8. Conclusions 
From the literature review, the followmg conclusions can be made 
I The blood flow state of the hand and the fingers vanes considerably with 
temperature This has an affect on the thermal properties of human skm Extreme 
environmental temperatures causing a net heat loss from the body core induces 
"physiOlogical amputation" 
2 Thermal receptors provide the thermal and pam sensation These receptors can be 
dtstinguished into warmth, cold and pam receptors, and are located m the dermts, 
wtth cold receptors beheved to be deeper than warmth receptors 
3 Contact cold injunes are usually mild forms of reverstble frostbtte, called 
"frostmp" Visible symptoms are sudden blanching or whiteness of the skm 
surface 
4 The structure of the fingertip mcludes a richly vascularised "finger pulp", dense m 
nerves, capillaries and septa and lies underneath the skm surface of the finger-pad 
5 Epidermal and dermal thickness varies considerably between individuals at the 
fingertips and is also affected by gender and age 
6 Blood flow to the hand and fingers is regulated by the arteriovenous anastomoses, 
these are particularly dense in the fingertip 
7 Onset of cold-mduced vasodilatation of the fingertip does not occur within the 
ttme frame appropnate for the investigation of short-term cold contact (<180 
seconds) 
8 The most practical and convenient method of measunng finger skm contact 
coohng is using the assessment of "contact temperature", measuring the mterface 
temperature between the skm and matenal surface For this purpose, a high 
sampling rate and low time constant of the sensor is required m order to monitor 
contact cooling with suffictent accuracy 
9 Appropnate subjective measurements for fingertip contact coohng are thermal and 
pam sensation These are measured on simple ordinal scales and in the case of 
thermal sensatiOn, the scale ts not bi-polar but extended towards the sensation of 
cold m order to achteve greater accuracy for the anticipated condtttons 
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10 The heat transfer from the warmer skin to the colder solid surface dunng cold 
contact is dependent upon a number of factors properties of the contact material, 
properties of human skm and individual differences and the constitution of 
contact The extent to wh1ch these factors affect finger skin cooling IS still not 
clear 
11 The freezing skm temperature in cold air was reported at about -3 4°C to -13 gee 
For fast coohng of metal contact freezing skin temperature was reported at -2 2°C 
and -0 6°C 
12 T1me analysis of contact coohng exposures can be performed using representative 
threshold temperatures of l5°C for pain, 7°C for numbness and 0°C for skin 
freezmg 
13 Analysis of the contact cooling curve itself can be performed usmg a mod1fied 
second-order Newtoman coohng model 
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CHAPTER TWO 
GENERAL .METHODS AND .METHODOLOGY 
1. Introduction 
1.1 Aims 
The a1m of the research 1s to mvestigate finger contact cooling with cold materials for 
short-term exposures (approximately 0-5 minutes) In order to achieve this, the 
appropriate expenmental equipment must be designed and developed We must therefore 
establish our cntena for the research and subsequently the design requirements for the 
eqmpment to be assembled Initially, the equipment was assembled to fulfil the 
requirements of the E U sponsored cold surfaces project (SMT4-CT97-2149), however, 
the eqmpment was also designed to meet any requirements for the longer term goals of 
further cold surfaces expenments 
Research criteria 
The nature of the research requires an environment within wh1ch subjects can touch a 
range of matenals at a range of temperatures Subjects are required to touch these cold 
materials with a number of differing finger contact pressures The cooling of the finger 
and hand during cold contact exposure must also be monitored and recorded 
Design reqwrements 
• Cool-box: During experimentation, the subjects shall touch cold materials whilst only 
exposmg the1r hand to the cold environment Tlus hand-only exposure will require the 
design of a cool-box within which the test matenals can be kept at a stable 
temperature Whilst accessmg the matenals in the cool-box, the subjects must be able 
v1ew the interior of the box 
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• Temperatures: The research will requtre subjects to touch matenals over a range of 
dtfferent temperatures, from as warm as +5°C to as low as -35°C These temperatures 
must be regulated at a steady state while still allowing subjects to access the 
matenals 
• Materials: During contact, heat transfer wtll be affected by the thermal properties of 
the materials tested Therefore, the matenals chosen for testing shall represent a wide 
range of thermal properties 
• Contact force: A means of measunng and regulating contact pressure (or force) of 
the subject touching the cold matenals is required 
• Finger cooling: The sktn/material interface temperature (also known as contact 
temperature) and skin temperatures on other sites of the hand must be measured The 
research is specifically designed to investigate short-term cold contact It ts therefore 
assumed that the rate of skin cooling observed wtll be relatively quick In order to 
obtam a complete description of the contact cooling occumng for all conditions 
tested, a temperature sensor wtth a rapid response time and samplmg rate IS required, 
and must be able to operate accurately withm the skm temperature ranges anticipated 
• Data acquisition: For safety reasons a method is requtred to monitor the observed 
finger coohng in real-time during exposure This data must also be recorded m an 
accessible format for analysts 
• Subjective responses: A set of scales must be defined m order to measure subjective 
responses m regards to both local areas and whole-body sensations 
• Experimental area: An area must be established for where expenmentation can take 
place This area must have adequate space for both experimenter and subjects and 
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have a thermal environment that be both manipulated and maintained at a steady state 
temperature 
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2. Equipment 
2.1 Materials 
The short-term cold contact research reqmred a number of materials that would represent 
a wtde range of thermal properttes (thts should elicit a broad range of heat transfer rates 
on contact) dependent upon (amongst other factors) both the material type and the surface 
temperature of the gtven material 
Material thermal properties that affect heat transfer are density, thermal conductivtty, 
spectfic heat and thermal diffusivity These properties can also be expressed in terms of a 
thermal penetration coefficient (b) (BSI 1978, Yoshida et a/ 1989) and is defined as 
where k is thermal conductivtty ( W•m -1 ·K -t ), p 1s density ( Kg•m -l) and c is specific 
heat ( J•Kg -1·K -I) 
The materials chosen were alumimum, stainless steel, nylon plastic and wood 
(mahogany) The thermal properties of these matenals are gtven m Table 2 1 
Table 2.1. Thermal properties of test materials (Tested by VTT, Finland, June 14, 1999) 
Density Thennal Specific Thennal Thennal Material ConductiVIty Heat (mass) DiffuslVlty Penetration (p) (k) (c) (a=kp-tc-1) coeffictent 
Kg m·3 wm-1 1<"1 J Kg-1 K-1 10-6 m2 s·1 Jm-2 s-t/2 Kt 
Alummmm 2770 180 900 28 80 21180 
Steel 7750 14 8 461 420 7270 
Nylon 1200 0 34 1484 0 19 780 
Wood 560 0 22 2196 0 18 520 
Apart from the actual material type, other related factors can have an effect too 
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• Surface roughness 
• Matenal thickness 
• Matenal mass 
• Surface cleanness 
It was concluded that the chosen materials for testmg would all be presented in an 
identical form A 9 5 x 9 5 x 9 5cm cube, machined in the same way, avoidmg any 
possible differences in surface roughness, cleanness and wetness 
2.2 Cool-box 
Ach1evmg the low temperatures that were required for the cold contact work was the 
Issue initially deliberated 
Cool-box requirements 
• Temperatures as low as -35°C and as high as +5°C (based upon the rates of cooling 
elicited due to the thermal properties of the matenals chosen to be tested - see section 
2 I) 
• Accessihlllly to the inside of the freezer for both subjects and experimenter, without 
the experimental conditions being affected 
• VISibility m order for the subjects to judge hand movements 
A regular kitchen freezer was purchased with the aim to modify It m order to achieve the 
requirements of the desired cool-box The freezer was a second-hand HOTPOINT "Iced 
Diamond" 87610 kitchen freezer, with the following internal dimensions Height 74cm, 
Width 43cm, Depth 41cm Figure 2 1 shows the freezer before modificatiOn 
Although two access pomts (left and right) were originally considered, as insulation was 
primanly of importance, a smgle central access point was chosen The single central 
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access point was found to provide sufficient manoeuvrability irrespective of the arm 
used. 
Fig 2.1. Freezer before modification 
For visibility, it was necessary for a window was incorporated into the door design, large 
and near enough to the access point such that the subjects' hand was visible inside the 
freezer to the subject during exposure. Figure 2.2 shows the freezer with a polystyrene 
mock-up door attached, allowing the exact size and positioning of the features to be 
determined. 
Fig 2.2. The freezer with mock-up door 
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The door feature dimensions determined from the series of mock-up doors constructed 
were: 
• Window: 29cm x 18cm; I 4cm from both vertical door edges and 6cm from upper 
horizontal door edge. 
• Access point: 12cm diameter~ centre point 27cm from both vertical door edges. 
• D istance between access point and window: top rim of access point 4cm below 
bottom ofwindow. 
A range of materials were considered regarding the window requirements and a number 
of glazing manufacturers supplying «go ld leaf' transparencies for aircraft were contacted. 
However, it was decided that the specification of tills option was too high for the 
application, and it was concluded that a transparent Perspex material would be sufficient. 
The Perspex parts that formed the window frame (those in contact with the cool-box) 
were 1.1 cm truck and had a depth of 5cm. Two parts formed the window itself and these 
were 0.5cm thick, one part was placed on the inside of the window, the other on the 
outside, leaving enclosed a 4cm deep cavity. A filament strip light was secured within 
this cavity, covered on one side by an angled metal strip in order to reflect light into the 
cool-box and in order to prevent glare to the participant. This simultaneously provided a 
minor heat source, preventing the potential build up of excess frost on the inside of the 
window. 
Fig 2.3. The window from the outer side 
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Fig 2.4. The window from the inside 
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The requirements of the materials used to construct the access point were; insulation and 
robustness. The access point to the cool-box was lined with a plastic draining tube 12cm 
in diameter and 15cm long, passing through the hole located by the mock-up. The tube 
provided the robustness required for the anticipated repeated entries. 
ln order to maximise insulation and prevent excessive heat exchange with the external 
environment with that of the cool-box during subject exposure it was determined that a 
means of sealing the access point around the subject's arm during exposure should be 
developed. The solution was to attach the long sleeve from an industrial protective rubber 
glove to the outer side of the access tube, which was and folded back through the tubing 
to the inside of the cool-box. A dense foam plug was formed to provide maximum 
insulation while the access point was not being used. Figures 2.5 and 2.6 show the access 
point from both the inner and outer sides. 
Fig 2.5. The access hole from the inside Fig 2.6. The access hole from the outside 
The inside of the cool-box had the following dimensions: 74cm width, 43cm height and 
41 cm depth. The compressor is situated at the bottom of the cool-box. Behind 15cm 
deep, 20cm long 'step' that fills the bottom ofthe cool-box. In order to utilise maximum 
space, the two trays were removed and the fixed 'tray' containing the cooling filament 
was detached from the cool-box walls and angled upwards towards the cei ling. This is 
shown in the before and after illustrations in figures 2.7 and 2.8. 
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Fig 2.7. Cool-box inside (before) Fig 2.8. Cool-box inside (after) 
2.3 Thermostat 
Domestic freezers are generally designed to regulate at temperatures between -l8°C and 
-21 °C. The operating capabilities of the existing thermostat were found to regulate the 
internal environmental cool-box temperature to approximately -l9°C (±2.0°C). This 
operating error range was concluded to be insufficient for the requirements of the 
research. An alternative method of temperature regulation of the internal cool-box 
environment was therefore required with a smaller operating error margin (5 ±0.5°C) and 
a wider operating range (+5°C to -40°C). 
A temperature control module was constructed, over-riding the existing thermostat. The 
module consisted of a "FUn Electric" P.I.D controller thermostat. The operating 
capability of this thermostat is a range of ± 0.1 °C. However, when applied to the 
equipment used (i.e. cool-box compressor), the P (proportional) and I (integrative) 
characteristics could not be used. Instead an on/off control with a differential of 0.1 °C 
was used. 
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2.4 Air conditioning Unit 
The environmental capabilities of the cool-box with modified door and alternative 
temperature regulating system was found to attain a minjmum internal environmental 
temperature of approximately -28°C, trus was insufficient for the required operating 
range of +5°C to - 35°C. Further alterations were required in order to acrueve trus range. 
Methods considered for achieving a lower internal environmental cool-box temperature 
were: increasing the insulation around the cool-box itself and/or reducing the external 
environment around the cool-box. 
A series of tests were carried out with the cool-box placed inside a previously constructed 
cabinet containing an air conditioruog unit. The cabinet had a removable door and was 
capable of reducing the immediate external environmental temperature surrounding the 
cool-box to around 0°C. 
With the air-condition unit on and the cabinet door closed an arr temperature of -40°C 
was attained after approximately 3~ hours and a material surface temperature of - 38°C 
was attamed after 5 hours. 
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Fig 2.9. Air condition unit on, cabinet door on. T11 = Ambient air 
temperature, Ts = material surface temperature 
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Then, with the cabinet door removed to provide access but wilh air conditioning unit 
continually operating, air temperature remained at -40°C and material surface 
temperature remained stable at - 38°C over a 2Y2-hour period. 
This finding suggests that in order to attain very low temperatures (-40°C) the internal 
environment can be sufficiently cooled using the air conditioning unit with cabinet door 
closed and these temperatures can be kept stable after opening the cabinet door in order 
to allow subject access. 
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Fig 2.10. Air condition unit on, cabinet door off. Ta = Ambient 
air temperature, Ts = material surface temperature 
Fig 2.11. The cool-box inside the air-conditioning cabinet with cabinet door open 
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2.5 Measuring contact force 
A means of measuring and regulatmg contact pressure (or force) of the subject touching 
the cold materials inside the cool-box was necessary 
The method for achievmg th1s had to fulfil the followmg reqmrements 
• Compatible w1th test materials (see section 2 I) 
• Operate wtthm a wide range of contact forces (IN to I ON) 
• Sufficient sensitivity to accurately obtain desired contact force 
• Allows a tolerance range to be set ( e g I ± 0 IN) 
• A visual md1cator informing the subject 1f greater or less force 1s required to obtain 
the reqmred contact force 
As detailed m sectwn 2 I, the test materials took the form of a 9 5 by 9 5 by 9 Scm cube 
The s1mplest way of mcorporatmg these cubes into a contact force regulating mechamsm 
was to place them on a balancmg scale By domg so, the weight of the material block 
could be calculated and balanced w1th a counter-weight and the desired contact force 
added to the counter-weight (1 OOg"' I ON) 
The dens1ty and therefore mass of each test material was different (see table 2 I) It was 
found to be more practical to devise a way of usmg a fixed counter -weight to balance the 
tray in wh1ch the test materials would be placed Weight would therefore be added to the 
material tray in order to compensate for the d1fference m material dens1ty and mass The 
counter-weight was fixed to balance the heaviest material mass (6 95Kg· see table 2 2) + 
the greatest contact force required (9 8N =!Kg see table 2 3) = 7 95Kg Weights to 
compensate for any d1fferences m matenal mass or contact force required would be 
added to the matenal tray See tables 2 2 and 2 3 
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Table 2.2. Weights and compensation weights for each material 
Material Weight (Kg) CompensatiOn 
required (Kg) 
Stamless Steel 6 95 -
Aluminium 2 40 4 55 
Nylon 1 00 5 95 
Wood 060 6 35 
Table 2.3. Compensation wetghts required for each contact force 
Pressure (N) Compensation 
requtred (g) 
9 80 
-
294 700 
0 98 900 
The positioning of the balance mstde the cool-box was determined m relatiOn to the 
position of the door window, the arm hole and the internal space available It was 
concluded that the balance was to be placed in the lowest part of the cool-box (cold est 
area), restmg over the compressor ledge supported by two rruls runmng along the cool-
box walls In addttion, a grill tray was constructed to store the unused matenal blocks or 
compensation wetghts requtred The cool-box interior wtth balance scales and supportmg 
gn11 can be seen m figure 2 12 It was also necessary to determme a method that would 
vtsually mform the subject of the contact force status Both analogue and digttal 
mstruments were constdered for thts purpose It was determined that a dtgital approach 
would be used as this could provtde further benefits m terms of data acquisition The 
instrument implemented was composed of two micro-swttches connected to the balance 
scales The switches could be adjusted to the desired sensitivity Force applied beyond a 
certrun set point would trigger a response, force apphed below another set pomt would 
tngger an alternative response The output from the micro-switches was linked to dtsplay 
box conststmg of 3 coloured Light-Emtttmg Diodes red indicted "Ill" (too much 
pressure), green indicted "OK" (correct pressure) and amber indicated "LO" (too httle 
pressure) The same output also provtded a "Yes/No" digital marker for analysis 
mdtcating the pomt at which contact began (see sectton 2 7) The display box can be seen 
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attached to the cool-box door with magnetic strips in figure 2.11 . ln later experiments the 
digital output device was replaced with an analogue pointer method to improve the 
accuracy of force stability. The pointer operated along a scale denoting a range around 
the desired contact force thus allowing the participant to judge the amount of force 
required to obtain the correct force level. 
Fig 2.12. Cool-box interior 
2.6 Objective measures 
In order to measure and monitor skin cooling, a number of objective measures were 
necessary. As the research was investigating short-term contact cooling of the fingertip, 
the skin-material interface temperature was the most essential measurement to be taken. 
The skin-material interface temperature, otherwise known as contact temperature was 
measured at the designated contact area - the 1 SI phalanx of the index finger. The sensor 
to be used would be secured to the finger just below the 1 SI phalanx with thin adhesive 
surgical tape (the tape used for this was 3M BlendermTM) with actual sensor uncovered 
and located between skin and materiaL The selected sensor would measure the effective 
temperature between these two surfaces. 
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2 6 1 Sensors used 
The sensor to be selected for this measurement had to fulfil the following requirements 
• Measures contact temperature 
• Allows constant on-line momtoring of thermal state of the finger/hand 
• Operate Within the skin temperature range anticipated (+40°C to 0°C) 
• Sufficient sensitivity/accuracy to measure small changes in temperature 
• A fast response time (i e time constant) 
Thermocouples were considered to be the 1deal sensor for measuring contact temperature 
as 1t 1s not an msulated sensor (1 e bare) Infra-red thermal1maging was considered as an 
option as this would measure actual skin temperature as opposed to contact temperature 
However, 1t was concluded that a thermocouple sensor would be more appropriate as this 
would allow continuous sampling and monitoring dunng contact, whereas the use of 
mfra-red techniques would require subjects to Withdraw from the cool-box in order for 
measurements to take place 
It was determmed that T-type (copper/constatan) thermocouples would be used for the 
measurement of contact temperature The measunng range of this type of sensor IS 
between -200°C and+ 350°C, this allowed the same type of sensor to be employed for all 
measurements (contact temperature, hand skin temperature (various s1tes on the hand}, 
matenal surface temperature and cool-box air temperature) 
The sensors were 0 2mm m d1ameter They were found to have a time constant of less 
than 0 1 of a second, this was considered a sufficiently fast response time for the 
application 
These sensors were also used for measuring and monitoring the thermal state of the finger 
and hand Sensors were placed on the side of the 2"d phalanx of the index finger and on 
the posterior of the hand These sensors were covered by surgical adhesive tape as 
contact was not bemg made with these areas, therefore a measurement of skm 
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temperature was preferred as opposed to the contact temperature of skin with a ir. Sensor 
locations are shown in figures 2.13 and 2.14. 
Note: Cold-junction compensation was provided by the data acquisition hardware 
discussed in section 2. 7. 
Fig 2.13. Thermocouple 
locations (palm up) 
2.6.2 Calibration 
Fig 2.14. Thermocouple 
locations (palm down) 
For the purpose of sensor calibration, the following procedure was observed: 
Calibration was performed in the cool-box at a set internal ambient temperature, A 
number of sensors were taped to a piece of card (7.5 x 5cm). It was ensured that the 
sensors were secured closely enough to avoid any temperature gradient between sensors 
without touching, the ends were exposed. This set up is shown in figure 2.15. 
Fig 2.15. Thermocouples prepared for calibration 
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The sensors were suspended in the centre of a plastic jug as shown in Ggure 2.16. Placed 
directly beside the suspended sensors was a Briiel and Kjrer Pt 100 air temperature and 
surface temperature sensor (reference sensor). The lid of the calibration jug was secured 
in order to provide an enclosed environment. 
A series of four minute runs were conducted saving thermocouple measurements to a PC 
hard drive (see sectjon 2.7). This data was compared to a set of manual recordings of the 
Brtiel and Kjrer reference sensor, taken every 20 seconds throughout the calibration run. 
Comparisons were also made of the between terminal box channels in order to account 
for any intra-sensor variation. 
Fig 2.16. Thermocouples in jug prepared for calibration 
2.7 Data acquisition 
In order to collect and record cooling data a data acquis ition system was needed. The 
equipment selected had to fulfil the following requirements: 
• Compatible with T-type thermocouples 
• Sufficient resolution for accurate measurement 
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• Compatible software appropriate for the application 
• Fast sample rate 
• Allows continuous real-time momtoring 
• Records all raw data 
The equipment used for collecting and recordmg the data measured was a 16-bit 
Strawberry Tree DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, 
Sunnyvale, CA, USA), hnked to a Pentium 11, 300MHz, 32Mb, PC With WorkBench for 
Windows 3 00 15 software 
2 7 1 Hardware 
The data acquisition hardware had a 16-bit resolution, incorporated mto the connector 
umt was a cold-junction compensation box This ensured that any variations in 
environmental temperature would not affect the thermocouple readmgs In order to 
provide a convenient way in which sensors could be connected to the data acqUisition 
system, a termmal box was constructed and connected to the DAT Ashuttle™ The 
termmal box was compatible with T-type thermocouple plugs Further features of the 
termmal box allowed an optiOn of analogue or digital m put/output 
2. 7.2 Software 
The WorkBench for Windows 3 00 15 software was run under Microsoft Windows 95TM 
The software provided a facility by which a program could be created in order to satisfy 
the appropriate requirements of the application Pnor to a program bemg constructed 
usmg the software the following criteria had to be considered 
• Recognition of sensor type used 
• Continuous momtonng of contact and skm temperatures 
• Readmgs displayed both graphically and digitally 
• All raw data recorded 
• Fmger/material contact point marked 
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• Withdrawal point distmgu1shable (dependent upon experimental cnteria, see section 
2 10 1) 
During the construction of the program, the issue of sampling rate required consideratiOn 
As the nature of the research was investigating short-tenn fingertip cooling, the duration 
of the experimental runs were anticipated to generally be within the range of 0 to 180 
seconds The maximum run duration not to exceed 6 to 8 minutes It was therefore 
concluded that in order to obtain the most comprehensive cooling description possible, 
the optimal sampling rate would be set at 5Hz (one recordmg every 0 2 seconds} Th1s 
was considered sufficient to mimm1se any lag effect that could risk cold injury without 
creatmg excessively large files 
The software worksheet for the WorkBench program constructed is detailed m figure 
2 17 In order to meet the criteria discussed above, the following features were included 
• An analogue to digital conversion card 
• A graphical output describing the change of contact temperature and skin temperature 
w1th time (range -5°C to 35°C}, coupled w1th a separate y-axis describing the change 
of environmental and material surface temperature w1th time (range -30°C to -5°C} 
• An optwn to wnte to the PC hard dnve (On/Off switch) 
• A pressure YES/NO mdicator responding to input from micro-switches on scales (see 
section 2 5) 
• A digital input/output facility for an alarm for subject withdrawal based on 
expenmental critena (see section 2 10 1) 
Following the program layout, the specification of certam parameters Wlthm each 
consistmg module was necessary in order to create the final program With a chart 
recorder module as an example, the number of input channels can be specified, together 
w1th the optwn of axis increments and units in which the vanables are monitored 
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Other options included channel labelling, specification of upper and lower limits and 
representative colours and fonts for designated temperature ranges. 
Fig 2.17. WorkBench for Windows worksheet 
When initiated, the program display screen featured the following (figure 2.18): 
• Labelled digital meters for thermocouple readings (right-hand side) 
• Graph output recorder, displaying resultant cooling curves, and temperatures. With 
separate y-axis' : Hand and fmger cooling (right-hand side), block and environmental 
temperatures (left-hand side). 
• Lamp displaying pressure status 
• Switch providing save ON/OFF option. 
• Generator producing graphical red line withdrawal point (see section 2.1 0.1 ). 
• Digital output channel for alarm buzzer with set point based upon experimental 
criteria (see section 2.1 0.1) 
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Data collected was written Lo a PC hard drive in A 11 text format. The data was stored 
in a temporary file. Data was labeled and placed into a permanent directory. 
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Fig 2.18. Program display in WorkBench for Windows 
2.8 objective responses 
To complement the objective measures discussed in section 2.6, subjective responses of 
the local area exposed in terms of thermal sensation and pain were of interest. ln order to 
measure these perceptions subjective scales were required. 
2.8.1 cafes 
The thermal sensation scale used was derived from the 'Bedford' scale and 'A HRAE' 
(American ociety of Heating, Refrigeration and Air-conditioning Engineers) scale. The 
9-point bi-polar scale used was reduced to a 7-point scale by omitting the upper two 
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points (hot, and very hot) due to the nature of the environmental conditions during 
testing. This scale is detailed in table 2.4. 
The pain scale used was based on a 4-point scale, beginning from 0 for "No pain", 
through I for "Slightly painful" (the onset of pain), reaching 4 for "Intolerable pain" 
(maxtmal pain ceiling). The full scale is detailed in table 2.5. 
Table 2.4. Thermal sensation scale Table 2.5. Pain sensation scale 
V ote Description Vote Description 
+ 1 Slightly warm 0 No pain 
0 Neutral 1 Slightly painful 
-1 Slightly cool 2 Painful 
-2 Cold 3 Very painful 
-3 Very cold 4 Intolerable pain 
-4 Very, very cold 
2.8.2 Data collection 
A number of issues required deliberation when considering a method with which 
subjective data would be collected. If subjects were prompted into reporting subjective 
sensations this could potentially affect the accuracy of the times at which thresholds were 
recorded; similarly if subjects reported sensations at set times. Subjects would be unable 
to complete a written questionnaire as they would have one hand inserted into the cool-
box. 
lt was concluded that responses would be given by the subject when they perceived a 
change in each given perception. The times at which these changes occurred would be 
recorded by the experimenter. 
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The changes in subjective sensation of concern were due to contact, therefore the 
measures taken related to the contact fmger only. 
2.9 Experimental room 
An appropriate area for experimentation was needed and the chosen room had to fulfil the 
fo llowing requirements: 
• Sufficient space for air-conditioning cabinet (within which the cool-box would be 
placed) 
• Thermal environment range requirements (Ta ~ I5°C - 30°C, v ~ 0.2ms·1, Rh ~ 40 -
60%) 
• Bench space for PC and data acquisition system 
• Sufficient space remaining for a minimum of2 subjects and one experimenter 
Air-conditioning cabinet Environmental 
Cabinet door 
Subject testing position 
Fig 2.19. Experimental room layout 
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2.9.1 Layout 
The expenmental room used for the research contained the existmg air-conditioning 
cabinet and a heater on the rear room wall Bench space and floor space was sufficient for 
the above requirements Further bench space was available and utihsed for situating a 
warm water bath and environmental measurement equipment Environmental 
measurements were recorded on a I O-Bit Grant "squirrel" data logger using a skm 
thermistor for the measurement of air temperature, radiant temperature with a black globe 
thermometer and humidity w1th an optical dew point sensor The expenmental room 
layout IS detailed in figure 2 19 
2.10 Safety 
2.10.1 Wzthdrawal crzterza 
The generic aims of the research were 
• To mvestigate the temperature hm1tat10n of a human finger touching cold surfaces of 
different materials with vanous pressure levels 
• To allow the derivation of responses beyond acceptable human empmcism 
W1th these aims considered it was anticipated that skin could cool down to temperatures 
below 0°C, several precautions were taken in order to mmimise th1s risk 
• Contact temperatures at the contact site are measured and displayed on-line and used 
as a criterion for Withdrawal (contact temperature of 0 5°C) 
• SubJects are instructed of typical frostnip sensation, informed to withdraw at first 
occurrence of such a sensation 
• SubJects were free to withdraw at any time during expenmentation for any reason 
(among others mtolerable pain) 
Extensive p1lot studies were conducted at partner laboratories within the E U sponsored 
cold surfaces proJect (SMT4-CT97-2149) consortium (National Institute for Working 
Life, Stockholm, Sweden, Umversite Cathohque de Louv1an, Belgium, TNO Human 
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Factors Research Institute, The Netherlands) These studies provided data on the cooling 
speeds and safe temperatures for a number of materials Based on these findings, the 
conditiOns tested dunng the research were designed such that frostnip risks were minimal 
and skin cooling was slow enough to be controlled 
2.10 2 Eth1cal clearance 
In order to obtain ethical clearance for the research, a generic proposal for human 
biological mvestigations was submitted to the Loughborough University Ethical 
Advisory Committee The proposal detailed the aims and outline of the research together 
with an outline of methodology, procedures and possible nsks The proposal was passed 
and cleared by the committee m November 1998, research proposal number G98-P5 
2 10 3 Pre-viSlts 
In order to fam!larise subjects with eqwpment and procedures, it was concluded that a 
pre-vlSlt would be conducted 10 days before each subject undertook any expenmentation 
A pre-visit consisted of 
• Physical measurements 
• Hand morphology measurements (hand volume, finger volume, contact surface area, 
finger length, phalanx length etc) 
• Health screen questionnaire (see appendix) 
• Equipment and procedure familiarisation 
• Opportumty for discussion of possible queries 
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3. Experimental design 
3.1 Latin square 
To avoid effects of order aiJ conditions presented during experimentation were arranged 
by applying a Latin square design. 
In order to describe the way in which this was executed the design used for laboratory 
study 1 (Chapter 3) is given as an example. The incomplete 6 x 6 Latin square design is 
detailed in table 3. 1. 
Note: The order in which materials were presented was baJanced between groups. 
Table 3.1. Incomplete 6 x 6 Latin square design 
+511C -4"C -tO"C - l7°C -25"C -35"C 
Group A .t SS.AL 5 AL.SS J SS,NV, AL 6 NY,SS,AL 2 NY, WD 3 WD,NY 
Group B 5 AL,SS 6 SS.AL 2 AL,SS,NV I NY, Al.., SS 3 WD,NY 4 NY.WD 
Group C 3 Al.., SS 4 SS,AL 6 l'o'Y,SS,AL 5 AL.SS.NY I WD,NV 2 NY, WD 
Group D 2 SS,AL 3 AL. SS 5 NV,AL,SS 4 SS,AI..,NY 6 NY, WO 1 WD,NV 
Key: Violet = Experimental temperature for session 
Blue = Group name; 2 subjects in group A and C, 3 subjects in group B and D 
Red = Order number (e.g. Group A tests -4°C condition on their fifth session) 
Black = Order of materials tested during session (e.g. Fifth session for group A, 
StainJess steel is tested first followed by Aluminium) 
A1 = Aluminium., SS = Stainless Steel, NY = Nylon, WD = Wood 
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4. Procedure 
4.1 Pilot tudy 
Prior to any experimental research being conducted, a pilot study was performed in order 
evaluate potential observations lhat may cause delay to the experimenter. inconvenjcnce 
to the subject or inaccuracy of data measurements. For this purpose, the following 
conditions were tested: 
• ubjects: 2 
• Materials: Nylon, Wood 
• Temperature: -25°C 
• Contact force: 0.1 N, 2.9N and 9.8N 
The results for nylon are given in figure 4.1. 
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Fig 4.1. Pilot study results of the contact finger with 
nylon. I OOg = O. IN, 300g = 2.9N and I OOOg = 9.8N 
It was found that after an injtial hort rapid cooling period a linear type relation hip 
between contact temperature and time could be observed. Contact duration (before 
withdrawal criteria were reached) under these under these conditions appeared to be 
between 5 and 6 minutes. The withdrawal criteria met was an intolerable pain vote. 
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An example of the results for wood are given in figure 4.2. It was found that a Unear type 
relationship could again be observed, except for this condition the initial short rapid 
cooling period appeared to be slower, this could be attributed to the difference in thermal 
properties of the materials tested. 
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Fig 4.2. Pilot study results of the contact finger with Wood. 
I OOg = O.JN, 300g = 2.9N and 1 OOOg = 9.8N 
The main findings of the pilot study related to observations concerning equipment and 
procedure. The most significant finding regarded the use of the thermocouple sensors. An 
interference between sensors was found. This interference occurred especially during 
contact with test metals. Sudden alterations in temperatures caused a mirroring effect 
between the measurements of the 1 1 and 2"d phalanges, the posterior measurement 
deviated to a lesser degree. It was concluded that conduction was occurring between 
measurement sites a long the skin surface of the hand and along the blocks as the sensors 
were not insulated. In order to overcome this it was determined that the thermocouple 
tips would be insulated by covering the sensors with a thin layer of light varnish. Tt was 
fou nd that the sensor time constant was not significantly prolonged due to the insulating 
covering (time constant~ O.ls). 
Further pilot study findings were as follows: 
Material blocks: Warming of the material contact area was observed during longer 
exposures. It was concluded that the location of contact would therefore be changed for 
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each run, this was done in order to prevent specific areas of the material surface warming. 
It was proposed that this could be achieved by numbering each side of the material cube, 
alternating through each side and edge. Metals have a higher specific heat capacity and 
therefore the alternation of sides was not considered necessary, therefore the contact edge 
was divided into thirds (figure 4.3); subjects rotated through these positions for each run 
(i.e. left, middle, right). 
Sleeves: Due to the subjects wearing T-srurts, it was reported that the bare forearm was 
cooling, causing discomfort. It was also found that the bare forearm rubbing against the 
access hole caused irritation during the longer exposures. To address this problem, 
sleeves were cut from a light cotton sweatshirt and used to cover the upper forearm 
(where forearm contact occurred with the access hole). 
Fig 4.3. An example of a subject touching a metal block on the "middle-third" 
Moisture: The accumulation of excessive moisture was considered a potential problem 
while designing the equipment for the research, in terms of the risk of sticking or 
inaccurate measurements. However, this did not occur despite repeated access to the 
cool-box. 
Stability: The stability of the environmental and material surface temperature at - 25°C 
was considered sufficient (± 1.1 °C). 
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Time: The time taken for hand re-warming and general experimental procedure was not 
excessive and fell comfortably within the predicted range (1 V2 - 2 hours, subject group 
(2)). 
4.2 Generic experimental pa·ocedure 
Subjects were requested to arrive five minutes before starting time (9am for morning 
sessions and 3pm for afternoon sessions). Each subject group was tested at the same time 
of day. 
Subjects were requested to arrive in standard clothing (T-shirt, jeans, socks, shoes, and 
appropriate underwear). Sweaters or pullovers were removed. 
Subjects sat in the experimental room area (with air conditioning to achieve the desired 
thermal environment). The environmental "squirrel" data logger began recording, and 
subjects were asked to rest for 30 minutes. 
Each subject was asked to rate his or her whole-body thermal sensation on a Predicted 
Mean Vote (PMV) scale (ISO 7730, 1984). This is a bi-polar scale from +3 (hot) to - 3 
(cold), with zero being a neutral vote. These votes were taken at the onset of 
experimentation and every 10 minutes before testing began. The air conditioning and 
subject clothing was adjusted depending upon these responses. A baseline vote of - 1 
(slightly cool) was desired. 
T-type thermocouple sensors were attached to the non-dominant hand of each subject by 
the experimenter as detailed in section 2.6.1. 
The WorkBench for Windows program was initiated by the experimenter. 
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The cool-box (preset to experimental temperature and conditions) was checked to ensure 
the desired internal environment had been obtained. The appropriate block and necessary 
compensation weights were then added to the balance tray from the surrounding support 
tray. Upon satisfaction, the first subject (subject A) was asked to approach the cool-box. 
A step or block was supplied depending on the subjects ' height; thjs was done in order to 
obtain equal comfort, height and entry angle for each subject. 
The appropriate sensors were plugged into the OAT Ashuttle™ attached to the side of the 
air-conditioning cabinet. 
Subject A was asked to pinch thumb and contact finger together, the contact temperature 
was checked on the PC, a skin temperature of +25°C was required prior to the onset of 
exposure. The finger and thumb were pinched as the subject removed the cool-box access 
point plug with their free hand. At this point the data acquisition program was set to write 
to the PC hard drive. 
Subject A entered their non-domjnant arm into the freezer (see figure 4.4). The hand was 
positioned over the material block placed on the balance tray (finger and thumb still 
pmched), and subjects were requested to give a baseline (time = 0) thermal and pain 
sensation of their contact finger. These votes were noted by the experimenter. 
The experimenter instructed "3 .... 2 .... I ... . start", at which point subject A released thumb 
and contact finger and touched the block in a specified way, contact force was increased 
until desired pressure was obtruned. The experimenter started a stopwatch. 
lt was considered crucial that each subject touched the materials in an identical manner. 
Each subject was instructed to touch the block with the first phalanx of the index finger 
only, the contact finger and block must be parallel and ensured that an angle between 
finger and block is not created (Figure 4.5). 
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Upon touching the materiaJ. the subject is reque ted to report to the experimenter any 
change in any locaJ pain or thermal sensation of the contact finger. limes at which these 
changes occurred were noted by the experimenter. 
Fig 4.4. A participant entering the freezer placed inside the 
cool-box 
Fig 4.5. Method of touching material block 
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The subject was not mformed of the material or temperature to be tested in order to av01d 
any subjective responses bemg influenced For the same reason, both subjects also wore 
ear defenders while not being tested Subjects were mformed of the contact force to be 
expected beforehand (heavy, medium, light), this was done in order to obtatn the correct 
contact force in the qmckest time possible. 
The cooling of the contact area was constantly momtored on a PC by the experimenter 
The subject withdrew from the cool-box when 
• A finger contact temperature of 0 s•c was reached 
• An mtolerable pain vote was obtamed 
• Any other reason causmg the subject feeling necessary to withdraw 
Upon completion of the run, subject A replaced the access point plug and the data 
acqmsitiOn program was set to stop writing to the PC hard drive by the expenmenter 
The sensors attached to subject A were unplugged from the DATAshuttle™ by the 
expenmenter 
Subject A re-warmed their finger and hand The manner m which this was done was 
dependent upon the length of exposure of the run Re-warming after a longer exposure 
(2Y:z+ minutes) was achieved by wearing a plastic glove and submerging the hand in a 
warm water bath (set at no warmer than +25°C) situated in the corner of the expenmental 
room for a mimmum of five minutes Re-warmmg after a shorter exposure (0 - 2Y:z 
minutes) was achieved by placing their hand underneath their armpit, while sat down 
While subject A was re-warming, the procedure was repeated with subject B 
The procedure was continued, alternating between subjects until the completion of 
materials and pressures for the particular condition 
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4.3 Blood flow measurement procedure 
Subjects' forearm blood flow was measured usmg an EC4 Hokanson SGP mercury strain 
gauge plethysmograph 
The subject's appropnate arm (arm used for cooling exposure) was placed is a 
customised shng, supporting the arm at the wrist, palm facmg upwards at heart level 
The circumference of the widest part of the forearm was measured using a tape measure 
and the appropriate strain gauge was selected (2cm shorter than forearm circumference) 
The strain gauge was placed around the forearm at the widest part and the lead secured 
with a small piece of"3M Blenderm™" tape to avoid touching with the strain gauge itself 
and was plugged into the plethysmograph A blood pressure cuff was secured around the 
upper arm, just above the elbow 
The equipment used for collecting and recordmg the plethysmograph data measured was 
a 16-bit Strawberry Tree DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, 
Sunnyvale, CA, USA), linked to a Pentium 11, 300MHz, 32Mb, PC with WorkBench for 
Windows 3 00 15 software The customised program also controlled the solenOid power 
umt that mflated the blood pressure cuff 
After initiating the WorkBench program, five blood flow measurements were taken over 
a 5 minute period The solenoid power umt mflated the blood pressure cuff to a pressure 
of 50mmHg for 15 seconds per measurement, thus preventmg venous outflow for this 
ttme The resultant increase in forearm circumference was measured by the strain gauge 
plethysmograph For the purpose of calibration, a "spike" representmg a 1% increase m 
blood flow was produced with a calibration switch before and after each blood flow 
measurement 
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CHAPTER THREE- LABORATORY STUDY 1 
SKIN CONTACT WITH COLD MATERIALS A COMPARISON BETWEEN 
MALE AND FEMALE RESPONSES TO SHORT TERM EXPOSURES 
1. Introduction 
1.1 Background 
Typically, industry workers are exposed to, and may touch, either accidentally or 
intentionally, many surfaces of different materials ( e g machine parts, walls etc) For 
environments containing hot surfaces, standards are available to determine the 
temperature limits for these surfaces in order to minimise safety risks (EN 563 1994) 
However, no such standard IS available for cold surfaces and for those worlang in 
such an environment, accidental skin contact exposure and the resultant slan cooling 
could pose a health and safety risk in terms of discomfort, pain, numbness and skin 
damage (Enander 1986, 1989) 
1.2 Previous Research 
Very httle work has been done in the past investigating the human response of fingers 
touching cold surfaces It has become apparent that protective values were reqmred in 
order to reduce the nsk in cold environments were cold surfaces exist The American 
Conference of Governmental Industrial Hygienists (ACGIH 1990) recommended 
threshold limit values of -1 oc surface temperature for protecting the hand agamst 
1mpa1red manual dexterity caused by contact with a metal surface Further 
recommendatiOns mcluded a threshold hmit value of -7°C for protectmg the hand 
against frostbite when in contact with a cold metal surface However, the range of 
thermal properties that are represented by the generic term "metal" is vast and this 
does not take into account non-metal surfaces that may have "metal-like" thermal 
properties This was acknowledged by Chen et al. (1994) who investigated fingertip 
contact cooling responses and she suggests that these surface temperatures are too low 
and as Havenith et al. (1992) found for whole hand contact With sohd cylinders of 
various materials, matenal thermal properties have a considerable influence upon the 
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contact coohng of the skin that occurs Further work is required to develop protective 
values for contact cooling, especially that of short-term fingertip contact When 
developing these limits a number of factors must be considered One of these factors 
is gender possibly influencing these cooling responses 
A well documented piece of work by Burse et al. ( 1979) investigated many aspects of 
the differences between males and females in terms of thermoregulatory response to 
heat and cold stress In extreme cold, women were found to be at a severe 
disadvantage due to their heat loss-to-production ratio being far greater than their 
male counterparts Their greater percentages of body fat at the subcutaneous level 
provides httle relative advantage, as m extreme cold the relative size of their active 
body mass (producing heat) is reduced Furthermore, this added insulation does not 
provide advantage in preventing frost-bitten extremities, as it does not cover the body 
regions most at risk - the hands and feet Bollinger and Schlumpf (1976) found that 
arterial inflow to the fingers of women at rest is normally only about half that of men, 
and women reduce their arterial finger inflow much more than men in response to 
both mdirect (foot) and direct (finger) cooling Clearly, cooler limb temperatures from 
reduced heat inflow make women much more susceptible to cold inJury than men 
These findings suggest that when considenng the contact coohng responses of the 
fingertip, the effects of gender should be considered and investigated 
A study by Chen et al. (1992) found that gender had no significant effect upon finger 
pad coohng time when touchmg aluminium, plastic and wood at a range of 
temperatures, but this was three-fingered contact at only one finger contact pressure 
of 9 8N A further study by Chen et al. (1994) mvestigating cold contact with 
alumimum at -1 °C, -5°C and -14°C found that there were no sigmficant differences 
between male and female subjects for any of the time constants derived from analysis 
neither was there a difference in final skm temperatures However, the study did find 
that males took longer to reach threshold limit values under conditions that ehcited 
slow skm cooling rates whereas females took longer to reach threshold limit values 
under conditions that caused faster skin cooling rates However, the study only 
contained between 12 and 18 subjects 
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It appears that 1! is possible that the extent to wh1ch cold contact response differs 
between gender IS dependent upon the skin cooling speeds dictated by the conditions 
tested (i e matenal and surface temperature) However, are these differences in cold 
contact response between males and females due to a gender effect per se, or could 
they be due to local factors being the underlymg cause for what could be perceived as 
a "gender effect"? Such local factors contnbuting to this could be hand size or blood 
flow differences 
Chen et a/ (1994) found that finger morphology affected cooling time for subjects 
touchmg aluminmm between + 7°C and -7°C at a range of contact forces, however 
when analysed usmg forward and backward regression techmques the effects of each 
particular hand measurement differed greatly, suggestmg that e1ther the relationship 
was not strongly linear or that the ind1v1dual measurements taken from the hand were 
highly correlated It was found that contact area size of the finger pad and skinfold 
thickness had the greatest effects on skin cooling 
Other stud1es have found that contact force sigmficantly affects the rate of cooling of 
the finger pad touching cold materials (Geng et al. 2000) It was found that the greater 
the contact force the qmcker the rate of cooling It IS suggested that the reason for th1s 
IS the increase in contact area promoting the rate of heat transfer from the finger pad 
to the colder matenal surface Rmtamak1 and Rissanen (1997) also found that contact 
area affected finger pad cooling times by observing differences m cooling times 
between contact exposures to blocks with and without grooves It was found that the 
cooling of the finger when the subjects were touclung cold copper without grooves 
was significantly quicker than with grooves, due to the contact area of the finger pad 
being greater when the grooves were not lifting part of the finger pad away from the 
material surface 
There have been other studies investigating the effects of hand size on skin cooling 
R.!ssanen et a/ (2000) compared the hand cooling of subjects gripping an Alumimum 
bar at -5°C and a Nylon bar at -20°C It was found that for slow cooling the skm 
temperatures of the palm and httle finger correlated best w1th hand volume, palm s1ze 
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and length of the httle finger The relationship found was that the larger the hand, the 
slower the cooling ttme, the authors suggested that this was the effect of greater heat 
capacity and compensation by heat input through blood ctrculation of the hand No 
such correlation was found for fast cooling Rissanen (1997) found that for subjects 
touchmg a copper bar wtth the index finger pad only, finger circumference showed 
the highest correlatiOn with finger skin coohng before, during and after the contact 
cooling For a given finger circumference the female skin temperature was higher, but 
the male finger was larger overall therefore showing no gender dependent difference 
In summary, previous literature has shown that mdividual vanation in contact cooling 
response IS considerable and that some of this variation can be attributable to a) sex 
and b) hand morphology However, these findings have been mconsistent and 
inconclusive due to the range of conditiOns tested and methods used Differences m 
whole-body cooling and thermoregulatory response due to sex is extensive and well 
documented However, this is not the case for contact cooling 
1.3 Aim 
The a1m of this study is to compare the fingertip cooling responses of males and 
females to short-term cold contact exposure and to study whether this response IS 
related to gender and to physical hand measurements For this purpose, expenments 
were performed where male and female participants touched various cold matenals 
over a range of surface temperatures and contact forces 
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2. Materials and Methods 
2.1 Participants 
Ten participants (5 male and 5 female) part1c1pated in the study They were all 
volunteers drawn from the undergraduate and postgraduate population of 
Loughborough Univers1ty Physical charactensttcs of the participants are detailed m 
Table 2 1 Mean hand characteristics were also measured and are detailed m Table 
3 1 Circumferences for 1" phalanx of the index finger were measured using stnng 
and rule Volumes for 1" phalanx of the index finger and mdex finger were measured 
usmg water displacement by submerging the finger m to water up to the base of the 
d1stal phalanx and proximal phalanx respectively Lengths of the index finger and its 
1" phalanx were measured w1th a rule Fmger contact area and hand surface were 
calculated by scanning a fingerprint at the appropriate pressure and hand-print into a 
customised computer programme 
Table 2.1. Mean physical characteristics for male (M) and female (F) participants 
No Years M/F cm Kg LIR 
Subject Age Sex He1ght Weight Handed 
1 21 M 188 93 2 R 
2 20 M 188 84 7 R 
3 26 M 191 1145 R 
4 21 M 173 86 8 R 
5 23 M 181 86 3 R 
Mean 22.2 ±2.4 - 184.2 ± 7.3 93.1 ± 12.4 -
I 22 F 171 721 R 
2 25 F 166 67 3 R 
3 35 F 167 87 3 R 
4 22 F 169 594 R 
5 20 F 163 65 R 
Mean 24.8 ±5.9 
-
167.2 ±3.0 70.2 ± 10.6 
-
Overall 23.5 ±4.5 - 175.7 ± 10.4 81.7±16.2 -
Part1c1pants were made fully aware m wntmg of all experimental deta1ls (mcluding 
discomfort, demands on time, measurements to be taken and all other procedures) 
Before participating each subject was requtred to complete a form of consent and a 
Human Thermal Environments Laboratory 'health screen for study volunteers' (see 
appendix) wh1ch provided more information regarding the subjects' fitness to take 
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part in the study Potential subjects were excluded from the study If they had in the 
past suffered frost-bite, any other related cold inJunes or suffered from vascular 
disease 
2.2 Protocol 
Each subJect touched, with the 181 phalanx of the index finger of the non-dominant 
hand, blocks (9 5 x 9 5 x 9 5cm) of four different materials (aluminium, stainless 
steel, nylon and mahogany wood) which were selected to represent a wtde range of 
thermal properties as detailed in Table 2 2 (properties of material were tested by VTT, 
Fmland, June 14, 1999) The thermal properties are expressed in terms of thermal 
penetratiOn coefficient (b) (BSI 1978, Yoshida et al. 1989) which is defined as 
b = (k • p • c) y, 
where k is thermal conductivity ( W•m -I •K -I ), p IS density ( Kg•m -J ) and c is 
spectfic heat ( J•Kg -I·K -I) 
Table 2.2. Thermal properties of the materials tested 
Density Thennal Specific Thermal Thermal Material Conductmty Heat (mass) DtffuslVlty Penetration (p) (k) (c) (a=kp"1c"1) coefficient 
Kg m·> wm·' 1<"1 J Kg·' K"' 10-6m2 s·' Jm"2 s"112 K 1 
Alullllruum 2770 180 900 28 80 21180 
Steel 7750 14 8 461 420 7270 
Nylon 1200 0 34 1484 0 19 780 
Wood 560 022 2196 0 18 520 
The materials were touched while exerting force levels of 1 ON, 2 9N and 9 8N The 
material surface temperatures to be used were derived from pilot studies conducted at 
partner mstltutlons (National Institute for Working Life, Sweden, Universite 
Catholique de Louvian, Belgium, TNO Human Factors Research Institute, The 
Netherlands) This data provided information on the expected coohng speeds and safe 
temperatures for a range of materials Based on this data the conditions were designed 
such that frost-mp nsks were mimmal and the skm coohng was slow enough to be 
controlled The experimental conditions are detailed in Table 2 3 1 pf denotes an 
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expenmental condition where the risk of pain and skin temperatures below ooc 
should be anticipated within I 0 seconds of imtial contact 2pf denotes the anticipation 
of the same risk at I pf but within I minute of initial contact 3p denotes an 
experimental condition where pain criteria should be anticipated within 3 mmutes of 
imtlal contact The time taken for pain and frostnip nsk increases w1th thermal 
penetration coefficient (see Table 2 2) 
Table 2.3. Experimental conditions for test matenals 
Material Aluminum Steel Plastic Wood 
Temp°C -17 -10 -4 +5 -17 -10 -4 +5 -35 -25 -17 -10 -35 -25 
Test lpf lpf 2pf 3p lpf lpf 2pf 3p lpf lpf 2pf 3p 2pf 3p 
Test cnteria (type of risk) of pain (p), frostnip (f), under different exposure duration 
(10, 60 and 180 seconds) 
lpf: Expenment duration <10 seconds, criteria of pain and frostnip 
2pf: Expenment duration <60 seconds, cnteria of pain and frostnip 
3p: Expenment duration >60 seconds, criteria of pain 
2.3 Equipment 
2.3.1 Cool-Box 
In order to maintain the test materials at the required surface temperatures, a cool-box 
was developed for the study For this purpose a domestic freezer was modified, by 
creating an access hole and wmdow m the door, and using a P ID temperature control 
module to over-ride the existmg thermostat, thus allowing the freezer to regulate at 
lower temperatures (below -35°C} and with greater accuracy and stability (±0 5°C} 
Materials were placed on a balance tray ms1de the cool-box in order to allow different 
and measurable touching force level to be obtained Due to the difference in densities 
of the matenals tested and the touching force level required, appropriate 
compensation weights were added to the balance tray Subjects regulated the contact 
pressure using feedback provided by three indicator lights (too low, correct, too high} 
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2 3.2 Skm Coolmg 
For the purpose of measunng skm contact cooling, T -type thermocouples 
(copper/constantan) ofO 2mm diameter (time constant <0 5 seconds) were attached to 
the dorsal side of the 1" phalanx of the mdex finger of the non-dommant hand using 
'3M Blenderm' surgical tape The base of the sensor tip was attached to the finger just 
below the 181 phalanx, allowing the sensor to be totally exposed to the skin surface on 
one side, and the touched surface on the other without tape m between Th1s measured 
the effective temperature between the skin contact area and the material surface - the 
'contact temperature' 
2.3 3 Momtormg 
The local skin cooling of the contact area was monitored using a WorkBench PC for 
W mdows 3 00 15 programme in conjunction with a 16-bit Strawberry Tree 
DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, Sunnyvale, CA, 
USA) The program was designed to meet the monitoring system requirements of the 
study Skin cooling measurements displayed graphically and digitally, all data 
recorded for further analysis, point of contact of finger with matenal marked, 
withdrawal point distinguishable (based on experimental criteria) 
2.4 Withdrawal criteria 
Withdrawal critenon was the occurrence of one of the following a contact 
temperature of 0 s•c, a typical sensation of frostnip about which subjects were 
mstructed (bummg/tmgling), a sensation of intolerable pain ( 4 = "Intolerable pain"), 
or any other reason for which the subject perceived withdrawal to be necessary 
2.5 Experimental Design 
All of the materials were tested over six separate sesswns for each subject, the 
matenal and touchmg force level presentations were balanced such that the effect of 
order was avmded The order of the materials tested during each session was 
alternated between groups See Table 2 4 
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Table 2.4. Balanced experimental design [where box number represents order which 
each group tested a particular temperature, material symbols (AL = Aluminium, SS = 
Stamless Steel, NY =Nylon, WD =Wood) represents order which matenals were 
presented for each session] 
+5"C -4"C -1o•c -17"C -25"C -35"C 
Group A 4 SS,AL 5 AL,SS 1 SS,NY,AL 6 NY,SS,AL 2 NY,WO 3 WO,NY 
GroupB 5 AL,SS 6 SS,AL 2 AL,SS,NY 1 NY,AL,SS 3 WO,NY 4 NY,WO 
Group C 3 AL,SS 4 SS,AL 6 NY,SS,AL 5 AL,SS,NY 1 WO,NY 2 NY,WO 
GroupD 2 SS,AL 3 AL,SS 5 NY,AL,SS 4 SS,AL,NY 6 NY,WD 1 WO,NY 
The order in which the contact force levels were presented was randomized, by 
assigning the SIX possible combinatiOns of force levels to a particular sessiOn number 
These are detailed in Table 2 5 
Table 2.5. Order of force level presentatiOn 
Session number Force level order 
1 2 9N, 1 ON, 9 8N 
2 9 8N, 1 ON, 2 9N 
3 2 9N, 9 8N, 1 ON 
4 1 ON, 2 9N, 9 8N 
5 9 8N, 2 9N, 1 ON 
6 1 ON, 9 8N, 2 9N 
2.6 Procedure 
Subjects rested for a period of 30 minutes in an air-conditioned preparation room 
(used to achieve the desired thermal environment) Each subject was asked to rate his 
or her whole-body thermal sensatiOn on a Predicted Mean Vote (PMV) scale (ISO 
7730, 1994) These votes were taken every 5 minutes, and the environmental 
conditions inside the room were adjusted in order to induce the desired PMV of -1 
(slightly cool) The mean conditions of the preparation room were T. = 19 1 ± 1 1°C, 
Rh = 44 1 ± 4 8% A PMV of -1 was chosen in order to achieve a baseline state of 
slight vasoconstriction Clothing insulation was standardised at around 0 4-0 5 clo 
(cotton underwear, socks and t-shirt, jeans and trainers/shoes) 
Once instrumented, subjects were asked to touch with the 1 '1 phalanx of the index 
finger of the non-dominant hand, a particular material block with a particular contact 
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force level at the specific test temperature. They continued to touch the block until 
one or more of the withdrawal criteria was met, upon which the subject withdrew 
their band from the cool-box. The contact cooling data observed during the exposure 
was saved to a PC at a sample rate of 5Hz (one reading every 0.2 of a second). In 
order to minimjse deviation in starting skin temperatures the hand was thoroughly re-
warmed before the next exposure could be conducted. Tills was achieved by either 
immersing the band (gloved) in a warm water bath (no warmer than 25°C) - thls 
method was used after longer or very cold exposures, typically when nylon and wood 
were tested; or placing the hand under the armpit - generally after testing metals. 
2. 7 Calibration 
Note: See Chapter 2 for specific details 
All of the thermocouples used for the study were calibrated using the technique 
described in Chapter 2. Figure 2. 1 shows an example of the sensor being calibrated at 
stable air temperatures of approximately - 5°C, ooc and +5°C. The coloured plots 
represent thermocouple readings and the dashed black line represents the Bruel & 
Kjrer calibration air temperature sensor. Time constants of the sensors were also 
checked and recorded for changing temperature withm the range that the sensors were 
used. 
0 
-
50 100 150 200 
Time (s) 
Figure 2.1. An example of stable temperature calibration, coloured 
plots representing thermocouple readillgs, dashed black Line 
representing calibration sensor readings 
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As can be seen from Figure 2. 1, the deviation of the thermocouples from the 
calibration sensor was minimal for all stable temperatures, this was also the case for 
changing temperature. All of the thermocouples used in the study were found to be 
accurate when calibrated (within ±0.1 °C). 
2.8 Analysis 
2.8.1 Finger skin cooling curves 
Each individual response from the data collected of finger skin cooling due to contact 
with a cold material surface shows the skin cooling to follow a distinct curve. This 
curve is "bi-phasic", that is, it is composed of two distinct parts that form the 
complete curve (see figure 2.2). The function of the first part (part A) is dominated by 
the cooling of the superficial skin layer and is represented by a steep drop in finger 
skin temperature for a duration of approximately 8-10 seconds. The second part of the 
curve (part B) is dominated more by the cooling of the deeper dermal layers of the 
fingertip and js represented by a more linear shallow function. 
~ .~0 
~ 
Q) 
a. 
E 
Q) 
1--
u 10 
CO 
-c 
0 
(.) 
o~----~----~----~----~ 
0 50 100 150 200 
TIME (s) 
Fig 2.2. An example of a typical finger skin contact cooling 
curve. Part A denotes cooling of the superficial skin layer. 
Part B denotes cooling of the deeper dermal tissues 
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2 8 2 Coolmg curve analysis 
A time analysts was regarded as the best method with which the finger skm contact 
cooling data could be analysed This was based upon the fact that the work was 
conducted With the aim of protection, and exposure times are an appropriate manner 
m which the data can be expressed for this purpose 
An appropnate finger skin temperature was therefore required for this ttme analysts 
would to be based upon, tt was considered that a representative temperature could be 
used for thts purpose - i e skin temperature of pain onset, numbness or skin freezmg 
The literature regarding work on thts area was reviewed 
Most dysfunction of the hands has been shown to be highly related to skin 
temperature Occurrences of pain have been reported at a range of skm temperatures 
(of the back of the hand), below 2PC (Enander, 1986), 16°C (Chattonet and Cabanac, 
1965) and l0°C (Hellstrom, 1965) Spectfically for contact skm temperatures, tt has 
been found that the onset of pain occurs wtthm the range of 23°C and 14°C 
(Havemth et al , 1992) Marked detenoration in tactile discriminatiOn was found to 
occur at finger skm temperatures below 8°C (Provins and Morton, 1960) A 
constderable degree of numbness was found in a third of subjects at finger skm 
temperatures of around 7°C and 8°C (Morton and Provins, 1960) Skin in atr has been 
found to freeze at skin temperatures below -1 0°C, due to supercoohng of the finger 
tissue (Wilson and Goldman, 1970, Wtlson et al 1976) For skin in contact with cold 
metal, skm freezmg was observed to occur at skm temperatures of -2 2°C (Lewis and 
Love, 1926) The estimated theoretical freezing point of skin without the presence of 
supercoohng was found to be -0 6°C (Keatmge and Evans, 1960) 
Based on these data, the representative threshold temperatures for time analysts could 
be 15°C (pain), 7°C (numbness) or 0°C (skin freezmg) 
2 8 3 Statistics 
The data collected was analysed using analyses of vanance and co-vanance studymg 
the relationshtps between indtvidual parameters ( e g matenal, finger contact force, 
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surface temperature etc) and cooling time All analyses was performed using the 
stattstical software package SYSTAT (Systat Inc, Evanston, IL, USA) For 
significance, p:::O 05 was accepted 
In order to express comparisons between groups of data in terms of distribution, "box 
and whisker" plots were also used The box plots consist of a lower "hinge" which 
represent the 25% percentile value, an upper "hmge" which represents the 75th 
percentile and in between the median The "whiskers" of the plot represent the 
"fence" range of values that fall withm 1 5 times the value between the appropriate 
"hmge" and the median Any values falhng outside the "fence" range but falls wtthm 
3 ttmes the value between the appropriate "hinge" and the median are represented by 
an astensk (*) Any value falling outstde of this range is represented by an empty 
circle ( o) and are termed "outliers" 
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3. Results 
3.1 Physical hand measurements 
The mdtvidual phystcal hand measurements of the non-dominant hand are detatled in 
Table 3 I A two-sample t-test was used to analyse the differences between the 
measurements obtamed for the male and females participants 
Table 3.1. Mean hand characteristics of the non-dominant hand for male and female 
participants 
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Male 
I 58 57 26 426 26 75 175 7 24 28 3 3 
2 54 47 20 403 28 80 163 3 22 26 29 
3 59 67 32 648 3 I 8 I 211 6 27 3 I 3 6 
4 57 47 21 411 24 7 I 168 3 22 26 3 
5 60 47 23 453 3 I 76 178 8 24 27 3 I 
Mean 5.8 5.3 24.-t 468 2.8 7.7 179.5 2A 2.8 3.2 
±0.2 ±0.9 ±6.6 ± 102 ±0.3 ±0.4 ± 18.9 ±0.2 ±0.2 ±0.3 
Female 
I 47 23 14 269 22 68 138 6 I 7 I 9 2 I 
2 48 27 16 353 24 69 142 3 2 23 25 
3 50 32 15 299 25 72 158 8 I 8 2 I 23 
4 49 3 0 17 331 26 7 I 144 8 I 9 2 I 23 
5 47 3 0 14 275 24 69 147 I I 8 2 2 I 
Mean 4.8 2.8 15.2 305.4 2.4 7.0 146.3 1.8 2.1 2.3 
±0.1 ±0.4 ± 1.3 ±36.1 ±0.1 ±0.2 ±7.7 ±0.1 ±0.1 ±0.2 
p- 0 010 0 002 0 011 0 020 0049 0 016 0 014 0 002 0 001 0 001 
Compansons of the phystcal hand measurements for the male and female participants 
showed stgmficant dtfferences in all of the measurements taken (psO 05) It can be 
seen that all of the male participants consistently had a larger hand and index finger 
than the female parttcipants in the group Examples of the type of distribution shown 
in the data is shown in figures 3 I and 3 2 
All participants were right handed, hand measurements were therefore that of the left 
hand 
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3.2 Finger skin cooling data 
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The starting skin temperature of the fingertip for the two subject groups were initially 
scrutinised. Despite the experimental procedure ensuring that aU starting skin 
temperatures were above 25°C, the actual values for the 417 (data was lost for 3 
exposures) cooling exposures varied considerably, ranging between 24.8°C and 
35.1 oc (mean: 27.4 ± 3.0°C). 
When separated in terms of sex it could be seen that there was an overall difference 
between the starting skin temperatures of males and females. The male participants 
averaged a starting skin temperature of 27.9 ± 2.9°C over 210 cooling exposures, 
whereas the female participants averaged a starting skin temperature of 26.8 ± 3.0°C 
over the 207 cooling exposures. Within each condition there was not a significant 
difference between starting temperatures of males and females (p>0.05), however, 
overall there was significant difference (p<O.OOJ). 
As the work being conducted is concerned with protecting workers of both sexes from 
discomfort, pain, numbness and skin damage, it was concluded that the cooling data 
should be analysed in terms of times to reach representative thresholds, i.e. skin 
temperatures representing pain, numbness and skin damage. As the temperatures at 
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which these phenomena occur is the same for both males and females and for the 
purpose of comparison, it is logical to investigate these times despite a difference in 
starting skin temperature between the two subject groups. 
Upon initial investigation of the cooling responses over all conditions, it was apparent 
that depending upon the cooling speed of the test condition (elicited by the material 
and surface temperature) the "bi-phasic ' cooling response discussed in section 2.8.1 
was only evident the slower cooling conditions (Fig 3.3). For the faster cooling 
conditions the second part of the "bi-phasic ' finger skin cooling curve did not develop 
before the 0.5°C finger skin temperature withdrawal criteria was reached (Fig 3.4). 
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Fig 3.3. An example of a skin 
cooling c urve recorded during a fast 
cooling condition exposure 
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Fig 3.4. An example of a skin 
cooling curve recorded during a sJow 
cooling condition exposure 
It was determined necessary to distinguish between conditions that elicited FAST 
cooling and those that elicited SLOW cooling. This was based upon the evidence of a 
"bi-phasic" curve. Curves that were dominated by a steep function throughout the 
exposure were considered fast cooling conditions and those that allowed the 
development of a second more shallow cooling function after an initial steep drop in 
skin temperature were considered slow cooling conditions. The rate under which each 
condition fel1 is detailed in Table 3.2. 
It was then necessary to obtain an appropriate method of analysing the fast and slow 
cooling conditions. It was concluded (section 2.8.2) that this would be based upon 
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times to reach an appropriate representative threshold temperature (+l 5°C, +7°C or 
Table 3.2. Description of fast and slow cooling 
+5°C -4°C -10°C -l7°C -25°C -35°C 
Aluminium J J J J 
Steel J J J J 
Nylon J J ,/ J 
Wood J J 
(BI UE Slow, JUW F(lst) 
Points to be cons idered when deciding upon the threshold temperature to use for time 
analysis were: 
- A sufficient amount oftime after any thermocouple dynamics upon initial contact 
were completed 
- A sufficient amount of data had been collected in order to describe the manner of 
cooling occurring accurately 
- If appropriate for the cooling occurring: Both parts of the ''bi-phasic' cooling 
curve contributed sufficiently to the derivation of the point selected 
- A minima l amount (if any) extrapolation is required 
Ideally the threshold temperature used for the time analysis would be the same for all 
conditions. Due to the speed of the fast cooling conditions it was necessary to use the 
times taken to reach a finger skin temperature of 0°C (To) (with a minimal amount of 
extrapolation) in order to allow a maximal amount of cooling data to be represented. 
It was not possible to derive the time taken to reach a finger skin temperature of 0°C 
for the slow cooling conditions without considerable extrapolation and thus 
introducing a large source of error. It was therefore concluded that the time taken to 
reach a finger skin temperature of 7°C (T7) would be used for the time analysis of 
slow cooling. 
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Effect of Sex 
It was immediately apparent from the data that for the majority of conditions tested in 
the study there was a considerable difference between the skin cooling times of the 
male and female participants, with the female ' s :finger skin cooling much quicker than 
that of the males. This effect was apparent in all slow cooling conditions, an example 
is shown in figure 3.5. However, it appeared that this "effect" of gender was lost for 
the fast cooling rates, an exampl.e is shown in figure 3.6. 
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Fig 3.5. Box plot comparing male and 
female skin cooling times for Wood at 
- 25°C, 9.8N contact force 
(Medians: M = 266 sec, F = 187 sec) 
Fig 3.6. Box plot comparing male and 
female skin cooling times for Steel at 
- 1 0°C, 9.8N contact force 
(Medians: M = 12.2 sec, F = 13.2 sec) 
When separated based upon cooling speed of the condition an analysis of variance 
(ANOV A) showed us that sex had a highly signjficant effect upon the time taken to 
reach a contact temperature of 7°C (T 7) under the slow cooling conditions (p<O.OO 1 ). 
However, sex did not have a significant effect upon the time taken to reach a contact 
temperature of 0°C (To) under the fast cooling conditions (p=0.816). The To (fast 
cooling) and T1 (slow cooling) values for males and females for fmger contact with 
each separate material are detailed in Table 3.3, 3.4, 3.5 and 3.6. 
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Table 3.3. Mean skin coohng times for males and females for finger 
contact w1th Aluminium under each temperature condition 
Aluminium +5°C (T7) -4°C (T7) -10°C (To) -17°C (To) 
M 59 8± 69 4 18 8 ± 30 I 33±47 12±12 I ON F 29 6± 20 2 22±13 39±35 I 3 ± 12 
M 442±629 40±29 29±49 12±09 29N F 10 6 ± 8 6 13±09 24±21 07±03 
M 15 2 ±58 17±07 09±02 06±0 3 98N F 54±30 11 ± 07 21±14 08±03 
Table 3.4. Mean skin cooling times for males and females for finger 
contact with Steel under each temperature conditiOn 
Steel +5°C (T7) -4°C (T7) -10°C (To) -l7°C (To) 
ION M 
151 0±117 7 118±75 50± 55 I I ±0 5 
F 138 4± 77 7 50±35 42±19 20±13 
29N M 89 2 ±62 2 
76±33 6 9±9 3 12±06 
F 105 6 ± 16 5 40±20 24±14 16±08 
9 8N M 95 2 ± 72 5 38±13 20±08 12±04 F 93 2 ± 24 9 28±13 32±21 14±08 
Table 3.5. Mean skin cooling times for males and females for finger 
contact w1th Nylon under each temperature condition 
Nylon -tooc (T7) -17°C (T7) -25°C (T7) -35°C (T7) 
ION M 323 0±52 5 
330 4±69 I 177 2±66 6 96 6±54 5 
F 432 2±44 7 176 2±111 6 160 0±103 9 54 8±49 7 
29N M 413 0±142 5 294 0±83 8 226 4±64 8 74 2±47 4 F 357 8±45 I 210 4±92 5 126 8±59 9 42 0±39 3 
98N M 429 8±74 9 253 8±77 4 145 2±32 9 98 6±74 3 F 327 3±97 3 177 0±85 9 94 3±32 4 614±37 8 
Table 3.6. Mean skin cooling times for males and females for finger 
contact w1th Wood under each temperature condition 
Wood -25°C (T7) -35°C (T7) 
I ON M 
300 3±54 7 200 4±106 5 
F 282 3±200 7 215 2±79 8 
29N M 290 2±99 4 210 0±113 5 F 240 0±73 5 195 6±58 6 
98N M 
274 6±59 8 286 6±58 6 
F 188 6±93 9 207 2±60 5 
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Of all the 30 slow cooling conditions analysed, 27 of them showed males to cool 
quicker than females. Of the 12 fast cooling conditions analysed, 8 of them showed 
females to cool quicker than males, however these differences were marginal in all 
cases and not significant when tested for individual conditions. 
Effect of surface temperature 
When separated by material, an analysis of variance (ANOV A) showed that surface 
temperature had a significant effect upon finger skin cooling times under the majority 
of the conditions tested. The significance levels of each comparison are detailed in 
Table 3.7. 
Table 3.7. The significance levels of effect of surface temperature on the finger 
skin cooling times for all materials (red = fast cooling, blue = slow cooling) 
Material +5°C vs-4°C -10°C vs - 17°C -1 7°C vs - 25°C -25°C vs -35°C 
M 0.1)42 0.20:-i - -Aluminium F <1).001 0.00 I - -
M <0.1)01 0.002 - -Steel F <0.1101 <0.001 - -
M - 0.008 <0.001 <0.001 Nylon F - <0.0111 o mm 0.1104 
Wood M - - -
lHl97 
F - - - 0.416 
It was found that change in surface temperature of the material touched had a 
significant effect upon skin cooling time for males and females in nearly all 
conditions. T he only touching conditions found to not be significantly affected by a 
change in surface temperature was for nylon at - 17°C and - 25°C (females close to 
significance) and for aluminium at - 10°C and - 17°C (males non-significant) . 
Changes in surface temperature of wood did not have a significant effect on finger 
skin cooling time for neither males nor females. Significance is assumed when 
comparing fast and slow cooling conditions. 
Effect of material 
When separated by surface temperature an analysis of variance (ANOV A) showed 
that material thermal properties had a significant effect upon finger skin cooling times 
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under the majority of the conditions tested. The significance levels of each 
comparison are detailed in Table 3.8. 
It was found that a difference in the thermal properties of the material being touched 
had a significant effect upon the finger skin cooling time for all of the conditions 
tested except for males touching aluminium and steel at -4°C not being different. The 
effect was similar for both males and females under all other conditions, with the 
material possessing the higher thermal penetration coefficient (see Table 2.2) cooling 
the finger skin quicker. 
Table 3.8. The significance levels of effect of material on the finger skin cooling 
times for all surface temperatures (red = fast cooling blue = slow cooling). 
Surface AL vs SS NYvsWD Temperature 
M 11.012 -
+5°C F <().001 -
M 0 927 -
-4oc 
F 0.002 -
M 0.007 -
-JQOC 
F 0.004 -
M <0.001 -
-l7°C F <0.001 -
M - <11.00 1 
-25°C F 0.011 -
M - <0.001 
-35°C F <().001 -
Effect of finger contact force 
When separated by cooling speed (fast and slow, see Table 3.2) an analysis of 
variance (ANOV A) showed that for males touching the fast cooling conditions only a 
change in contact force from l .ON to 9.8N was sufficient to have a significant effect 
upon finger skin cooling time (p=0.034). No such effects were evident for females 
under the fast cooling conditions (p=0.115). 
For slow cooling conditions, a change in fmger contact force of l .ON to 9.8N had a 
significant effect upon finger skin cooling time for females (p=0.048), with the skin 
cooling quicker with the heavy contact force under the majority of conditions. This 
was not the case for males (p=0.593). 
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3.3 Differences of finger skin cooling time in relation to band size 
It has been found that there was a difference in finger skin cooling time between male 
and females under slow cooling conditions, with female fingers cooling quicker upon 
contact with the cold solid materials tested in this study. However, it has also been 
found that there was a difference in hand measurements between the males and 
females in this study with the females having significantly smaller hand and finger 
dimensions. 
In order to investigate whether these differences in hand measurements found 
between males and females related to the finger skin cooling times observed under the 
slow cooling conditions, a linear regression model was devised. The variation of the 
appropriate cooling times (T7) was plotted against individual hand measurements such 
as finger volume. Examples of the linear regression plots obtained are detailed m 
figures 3.7 and 3.8. 
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Fig 3. 7. A regression plot of time to reach 
a Tc of7°C against length of 1st phalanx 
for Nylon, -17°C, 0.1 N (p = 0.0 14) 
Fig 3.8. A regression plot of time to 
reach a Tc of7°C against hand volume 
for Aluminium, +5°C, 9.8N (p = 0.015) 
It can be seen from the figures above that finger skin cooling time under slow cool ing 
conditions was sigruficantly related to individual hand/fmger measurements with skin 
cooling time increasing with hand and finger size. Due to large variation in some 
cases, not all of the regressions performed for each finger skin cooling time against 
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individual hand measurement for all of the conditions tested were found to be 
significant (p.S 0.05). 
The sample size of I 0 participants was small and this was considered to contribute to 
the lack of significance in some of the individual regressions performed. In order to 
investigate this further and in an attempt to increase the statistical power, all of the 
slow conditions were analysed together using a stepwise general linear model (GLM). 
The GLM incorporated the three parameters that defined each given condition 
(material, surface temperature and finger contact force) and hand/finger size (as 
defined by the hand measurements taken). 
The model tested (1) is described below and the extent to which parameter affected 
Lhe finger skin cooling time is determined by using an interactive forward stepwise 
method, including the parameters found to have a significant effect. 
Time to reach (Tc = 7~ = bo + b1 • Material 1- b2 • Material swjace temperature + 
b3 • Finger contact f orce + b4 • Hand size + bs • Sex ....... ( l ) 
The thermal properties of the contact material in equation ( 1) are represented by the 
natural logarithm of the thermal penetration coefficient (see Table 2.2). This was done 
in order to allow material to be represented on a more manageable scale. By using the 
natural logarithm the spacing between materials become more uniform and linear, tnis 
can be seen in the comparison between figure 3.9a and 3.9b. 
Sex is represented by a dummy variable of" I " for female, "2" for male. 
GIM results 
The finger skin cooling times (T7) of the 293 cases of finger contact under slow 
cooling conditions were investigated and the results from the GLM are detailed in 
Table 3.8 and 3.9. The two tables detail the last interactive step, Table 3.8 describes 
the model results before the final parameter was included and Table 3.9 describes the 
final results of the model. 
Cl-lA PTI!.."'R 3 - Sex differences 94 
200 I 200 
100 ~ -
. 9- . 9 ,__ ~ • <i 0 ~ ~ <i 
:J :J 
0 0 
en en ~ -1 00~ ~ - ~ -100 ~ 
-200~ -
-300'-------'1----""-, __ ___. 
-5000 5000 15000 25000 
Thermal penetration coefficient 
Fig 3.9a. A box plot demonstrating 
the less uniform representation of 
material on the x-axis when expressed 
tn terms of thermal penetration 
coefficient 
-300 L...---L..----l-_J.._--l..._...J...._....J 
5 6 7 8 9 10 11 
(In) Thennal penetration coefficient 
Fig 3.9b. A box plot demonstrating 
the more uniform representation o£ 
material on the x-axis when expressed 
in terms of the natural logarithm of 
thermal penetration coefficient 
It can be seen from Table 3.9 that the three parameters already included in the mode~ 
a constant (bo), material (b1) and surface temperature of the material (~) a ll have a 
highly significant effect upon finger skin cooling time (p<O.OOI). The three 
parameters yet to be included in the model are finger contact force (b:J), hand size (b4) 
(in this case represented by hand volume) and sex (b5). It can be seen from the p-
values of these three parameters that finger contact force did not significantly 
contribute to residual variance in T7 (p=O.l34), however both hand volume (p<O.OOl) 
and sex (p=O. 001) did correlate to the residual variance T 1 separately. 
Hand vo lume was included in the model above sex due to its greater partial 
correlation coefficient and greater signjficance, this can be seen in Table 3.1 0. The 
inclusion of hand volume in the model takes away the correlation of sex with the 
residual variance in T7 (p=0.808). If sex was included in the model above hand 
volume, hand volume continued to show a significant correlation with the residual 
variance in T7 (p=0.015), however when both are included in the model, sex loses its 
significance. 
CHAPTER 3 - Sex differences 95 
Table 3.9. Forward stepw1se results for the model based upon equation (I) with hand 
volume representing hand s1ze (Before inclusion of hand size) 
n- 293, r- 0.802, adJusted I"- 0.641 
Effect Coefficient Standard Standard Tolerance p-value In error coefficient 
bo 1183.72 56 946 0.0 0 000 
Matenal 
-128653 6183 -1.379 0 280 0 000 
Surtace 7 993 0 631 0 838 0 280 0.000 temperature 
Out Parllal correlabon Tolerance p-value coefficient 
Contact force 
-0 088 0 999 0134 
Hand s1ze 0 233 0 999 0 000 
Sex -0.187 0.999 0 001 
Table 3.10. Forward stepwise results for the model based upon equation (1) with 
hand volume representing hand size (After inclusion of hand size) 
Tolerance 
p-value 
Sex and hand s1ze, as stated earlier, are highly correlated, however for these data the 
model has shown hand size to have a greater effect upon finger skm coohng time 
under the slow cooling conditions tested in this study (T 7) 
Th1s greater effect of hand s1ze upon finger skin cooling time was found to be the case 
when represented by finger volume (p<O 001), 1st phalanx volume (p=O 001), hand 
area (p<O 001 ), 1st phalanx circumference (p=O 001 ), and finger pad contact area 
(p<O 001) However, this was not found to be the case With finger length (p=O 629) 
and 1st phalanx length (p=O 250) 
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Whilst a number of hand /finger measurements have been found to significantly affect 
finger skin cooling time, more than one of these measurements cannot be included in 
the model simultaneously, as all measurements are highly correlated due to the fact 
that they have been measured from the same hand If two or more measurements are 
mcluded in the same model, the low tolerance of the parameters produce a result 
indicating that neither hand s1ze measurement sigruficantly affects finger skin cooling 
time, thus g1ving a false representation 
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4. Discussion 
4.1 Physical hand measurements 
Subjects were not specifically selected for hand stze, but to represent the average male 
and female The physical hand measurements taken of the non-dominant hand showed 
that the males in thts study had significantly larger measurements in all hand and 
finger dimensions than the female participants 
A comparison to normative data using People Size 2000 Pro (Open Ergonomics Ltd , 
Loughborough, LE! I 3GE UK) showed that the two measurements that can be 
compared (1st phalanx circumference and finger length) are very close to that of the 
normative data of 1st phalanx circumference (M) 54± 4mm, (F) 45 ± 3mm and finger 
length (M) 76 ± Smm, (F) 69 ± 4mm Thts suggests that our participants provide a 
sufficient representatiOn of the normal male and female population 
4.2 Finger skin cooling data 
The startmg skm temperature of the fingertip for males was on average I I oc higher 
than that of the female participants The 30-mmute moderate whole-body cooling 
occumng before exposure to allowed a basehne whole body thermal state to be 
achteved, reflected in a predicted mean vote (PMV) of "slightly cool" Desptte the 
preparation room environmental condtttons being the same for both male and female 
parttctpants, the effect of the conditions upon startmg skin temperature were slightly 
dtfferent This can be explained by the data of Bolhnger and Schlumpf (1976) who 
observed that artenal inflow to the fingers of women is normally only about half of 
that of men, and women reduce thetr artenal finger inflow much more than men m 
response to cooling and therefore giving lower skm temperatures 
Despite large mdivtdual differences, the method used to represent the finger skin 
coohng occumng (T7 or To dependmg upon cooling condttion) would appear to be 
sufficiently dtscnminative Effects of material thermal properties wtth finger skin 
coohng ttme decreasmg wtth mcreasing thermal penetration coefficient agree wtth the 
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findmgs of previous studies (Havenith et a/ 1992, Chen et a! 1992, Jay et a! 2000, 
Geng et al. 200 I) The effect of differences in matenal surface temperature, With 
finger skin cooling time decreasmg with decreasmg matenal surface temperature also 
agreed with previous findings (Chen et al. 1994, Jay et al. 2000, Geng et a! 2001) 
There were no s1gmficant differences apparent due to sex for the fast cooling 
condttwns, but there were for slow coohng cond1t10ns Th1s difference between 
coohng ttme of males and females IS supported by data collected by Geng et a/ 
(200 I) where a substantial d1fference in finger skin coohng time to reach a contact 
temperature of 7°C IS evident between males and females for finger contact with 
alumimum and steel at surface temperatures of+2°C and -4°C, but the differences no 
longer being observed at surface temperatures of -1 0°C and -l7°C which provided a 
faster coohng rate 
The fast coohng cond1tions of aluminium and steel at -1 0°C and -l7°C are 
potentially too quick for any individual variatiOn to be apparent m tenns of sex 
However, m 8 out of the 12 fast cooling conditions females were found to have a 
shghtly faster coohng time None of these instances were s1gnificant but it could 
suggest that due to the nature of fast skm cooling, smaller fingers may cool slightly 
slower A poss1ble explanation for this being that the finger skm cooling occurring 
under these conditions is only of the very superficial layer of the skin, and the greater 
the surface area in contact with the cold metal (wh1ch is greater in males), the greater 
the heat transfer from the finger-pad surface The evidence from th1s particular study 
is not strong enough to support th1s, however th1s may ment further investigation 
The slow cooling conditions of metals at -4°C and +5°C and all non-metals 
conditions elicited the cooling of the deeper epidennal and dermal layers and 
subcutaneous tissue, producing a smaller temperature grad1ent throughout the contact 
finger, 1 e at a g1ven finger skm temperature, the deeper tissues of the fingertip with 
be cooler under slow cooling conditions The female participants were found to cool 
quicker under these conditions and the subsequent analyses found this to be 
sigmficantly affected by hand and finger s1ze This is supported by the findmg of 
Chen et a! (1994) where a factorial analysis of the Newtonian cooling parameters 
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denved from finger contact with alumimum at surface temperatures of +7°C, ooc and 
-7°C showed that finger morphology factors significantly contnbuted to the 
descnptwn of the skin coohng occurring This was not considered to be one of the 
most promment factors though The findmgs of the present study however suggest a 
greater importance of hand and finger size when considering cold stress cnteria for 
short-term finger contact with cold materials 
Burse et al. (1979) stated that when considenng cold mjury to the extremities, women 
are at greater nsk when working m the cold The geometry of women's thinner 
extremities results m a greater heat outflow for the same Circulatory heat mput per 
unit tissue mass This appears to be the case in this study, where a larger finger (and 
m most cases hands) provides a greater amount of heat to be transferred away from 
the skm surface thus giving a longer coohng time lnterestmgly, this appears to be 
further reflected by the hand measurements that were not found to have a sigmficant 
effect upon finger skin cooling time (finger length and 1 '1 phalanx length) This seems 
to suggest that the shape of hand and finger is a detennming factor in finger skin 
coohng time Female fingers may be similar in length to male fingers but more 
slender (as descnbed by finger volumes and 181 phalanx circumferences), whereas 
male fingers are thicker The differences m hand and finger shape between males and 
females are described by the correlation found between hand and finger 
measurements for both sexes As expected, finger length IS a bad predictor of finger 
volume for both sexes (M r = 0 46, F r = 0 49), reflecting males having thicker 
fingers than females With similar finger lengths Hand volume is a good predictor of 
finger volume for both sexes (M r = 0 91, F r = 0 88), with males having thicker 
hands accompamed by thicker fingers and females having more slender hands and 
fingers 
Sex and hand/finger size are highly correlated, and therefore their effects as 
parameters m a model describmg finger skin cooling times (as represented by partial 
correlation coefficients) have a similar influence It was found that hand/finger size 
had a slightly greater effect and therefore the emphasis thus far has been on descnbmg 
the differences between the responses of males and females simply as a result of 
differences m hand and finger morphology However, this requires the assumptiOn 
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that any gender effects from a htgher level, such as hormonal or blood flow 
differences would have no effect upon finger skin cooling time It can be argued that 
thts ts a logical assumption based upon the small surface area of skin in contact wtth 
matenal and thts skm is sttuated at the far extremity of the hand However, this area ts 
relatively nchly vasculansed, wtth the lateral and medtal palmar dtgttal artenes 
anastomose to form an arcade m the distal anterior closed space of the fingertip (pulp) 
of the finger (Brunelli and Brunelh, 1991a, Brunelli et a! 1991b, Fhnt 1955, Ryan 
1973) 
Havemth et a! (1992) showed that the presence of activity and the resultant blood 
flow increase affects skm cooling for whole hand gnpping of solid cylinders, 
however, the effect of blood flow on contact cooling of the fingertip is unknown An 
Important consideration must be that of finger contact force wtth material surface and 
whether the equal and opposite pressure exerted by the material and the subsequent 
dtstortion of the dtstal pulp of the fingerttp is suffictent to create an occlusion of the 
artenes located m this area In which case, dtrect influence of blood flow on the local 
cooling of the skm contact area could be either dtmtmshed or completely removed 
Thts was suggested by a study by Geng et al. (2000) who concluded that finger 
contact pressure had a significant effect upon the cooling time of the finger in contact 
with aluminium surfaces of -4 oc and -1 0°C but not with a ny Ion surface, the 
justification being that finger blood flow reduces and may even stop with higher 
contact pressures The mconsistent findings of the effect of finger contact force in the 
present study are attributed to the crude feedback method used to regulate finger 
pressure However it can be noted that at the greatest finger contact force (9 8N), a 
dtfference between finger skm cooling time (T7) of males and females was still found 
for slow coohng condtttons (p<O 001 ), suggestmg that dtfferences due to sex are still 
apparent in condttions where blood flow should be shut off due to finger contact 
force, unless there is a conductive heat input from the main digital artery No such 
difference was apparent in finger cooling times due to sex for the hghtest finger 
contact force (1 ON), but these findmgs must be treated with caution due to the 
method used to regulate pressure in this study 
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If fingertip blood flow does mfluence finger skm coohng time with short-term cold 
contact then this may create an argument regarding differences found in the finger 
skin cooling times due to sex Catchpole (1955) stated that circulating hormones have 
been found to influence peripheral blood flow dtrectly or by the sympathetic nervous 
system Furthermore, Burse et al. (1979) stated that "women's enhanced peripheral 
vasoconstriction further inhibtts thetr ability to maintain safe skin temperatures" 
More recently Cooke et al. (1990) found that finger blood flow in men was more than 
double that of women and skm perfusion more than triple, these were measured at 
room temperature only and not mvestigated during local or body cooling Gerra et al. 
(I 992) measured the sex-related responses of skin temperature during whole body 
cooling of males and females at an atr temperature of +4°C, finding a significantly 
lower mean skin temperature in women This dtfference was attributed to differences 
found m hormonal values Cankar et a/ (2000) found that local cooling evoked a 
sigmficantly greater decrease in cutaneous Iaser-doppler blood flow in females than m 
males m dtrect as well as indirect response conditions 
It ts apparent from this study that there is a stgmficant difference m finger skm 
coohng ttmes of males and females with average hand stzes, and tt can be suggested 
that these dtfferences can be attributed to the dtfferences found between sexes in 
terms of hand/finger size However, m order for tins to be uneqmvocally concluded 
the effects need to be separated Responses must be drawn from an expenmental 
group composmg of males and females with similar hand and finger dimensions This 
would allow any dtfferences in finger skin coohng times purely due to hormonal or 
blood flow levels to be apparent 
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5. Conclusions 
Females showed stgmficantly faster finger skin cooling times than males for the 
slower coohng conditions tested when mvesttgating the cold contact response of the 
mdex finger-pad of the non-dommant hand due to short-term exposure to the surfaces 
of dtfferent cold matenals over a range of temperatures No dtfferences m finger skin 
cooling times were found between sexes for the fast cooling conditions tested 
This difference between male and female skm cooling responses is attnbuted to the 
differences found m hand/finger size, structure and shape However, this is based 
upon the assumptiOn that the system being considered is that of passive tissue coolmg 
and no gender effects from a higher level such as hormonal or blood flow dtfferences 
would be anticipated Differences m skm blood flow and thetr effects due to sex are 
well documented and in order to derive a conclusiOn as to whether the underlymg 
cause for differences in contact cooling response between sexes is due to hand and 
finger morphology, further experimentation is recommended This proposed 
investigation should study the contact coohng responses of an experimental group 
conststmg of males and females with stmtlar hand and finger dimensions, under fast 
and slow cooling conditions 
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CHAPTERFOUR-LABORATORYSTUDY2 
SKIN CONTACT WITH COLD MATERIALS AN INVESTIGATION OF MALE 
AND FEMALE RESPONSES TO SHORT TERM EXPOSURES WITH A VIEW 
ON HAND AND FINGER SIZE 
1. Introduction 
1.1 Background 
Typtcally, industry workers are exposed to, and may touch, either acctdentally or 
mtentionally, many surfaces of different materials ( e g machine parts, walls etc) For 
envtronments containing hot surfaces, standards are available to determme the 
temperature limtts for these surfaces in order to mtrumise safety nsks (EN 563 1994) 
However, no such standard ts available for cold surfaces and for those working in 
such an environment, accidental skin contact exposure and the resultant skin cooling 
could pose a health and safety nsk in terms of dtscomfort, pain, numbness and skin 
damage (Enander 1986, 1989) 
1.2 Previous Research 
Investigative research has been conducted in the past studying the human response of 
fingers touching cold surfaces with the purpose of deriving protective values m order 
to reduce the risk to workers in cold environments where cold surfaces exist Much of 
thts work found envtronmental parameters such as material thermal properttes and 
surface temperature to greatly affect the finger skin coohng responses (Havemth et a/ 
1992, Chen et al. 1992, 1994, Jay et al. 2000 and Geng et a/ 2001) Finger contact 
force was also found to affect finger skin cooling speed with heavier finger contact 
force facilitating a quicker skm coohng This is thought to be a consequence of the 
dtsplacement of blood m the fingertip with heavier contact forces (Geng et a/ 2000) 
A great deal of variation has been observed in finger skin cooling responses between 
indtvtduals m past studtes A reported source of this variation has been found when 
comparing male and female responses However, some of these findmgs have been 
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contradictory and seem to be dependent upon the conditions tested Chen et al. (1992) 
found no significant difference between finger-pad cooling time for three-fingered 
contact with aluminium, stamless steel and nylon However, a study by Chen et a/ 
(1994) investigating cold contact with alummmm only, at a range of cold 
temperatures, found that whilst an analysis of the time constants derived from the data 
did not find a significant difference between males and females, there was a 
difference found between their final finger skin temperatures, with males reaching 
threshold times later for slow cooling conditions and females reachmg these times 
later for fast cooling conditions More conclusive studies reporting sex differences in 
cold contact response have been conducted by Geng et al. (200 1) Their data suggests 
a large difference between male and female finger-only contact with metals at surface 
temperatures between +2°C and -15°C, with females reaching skin temperature 
thresholds of +7°C,+5°C and 0°C much qmcker The most notable differences 
between male and females finger skin cooling responses due to cold contact was 
reported by Holmer et a/ (2001) whose report for the European Union cold surfaces 
proJect (SMT4-CT97-2149) reported that "a gender difference on the response of 
finger coohng is seen by all of the records of the curves of contact temperature versus 
the contact duration under the vanous conditiOns tested In general, the contact 
duration for the cntical contact temperature of females is Sigmficantly shorter than 
that of the male" 
The data of the cold surfaces proJect collected at Loughborough University IS 
discussed and reported in chapter 3 (laboratory study 1 ), and a significantly shorter 
contact duration was found for the threshold finger skm temperature of 7°C for 
females under slow cooling conditions (alummium and stainless steel at +5°C and -
4°C, nylon at -17°C, and nylon and wood at -25°C and -35°C) However no 
differences between sexes were reported for fast cooling conditions (aluminium and 
stamless steel at -1 0°C and -17°C) when analysing contact duration for reaching the 
threshold temperature of 0°C It was suggested in this study that the differences 
occumng in finger skm cooling time between sex for slow cooling conditions may be 
due to hand/finger size, with larger hands and fingers requiring greater heat transfer to 
attain a given finger skin temperature, thus cooling slower However, this was not 
found to be conclusive due to a difference in average hand size between the male and 
CHAPTER 4- Hand s1ze 105 
female participants The theory of the effect of hand s1ze upon skin cooling is 
supported by a number of studies R.!ssanen et al. (2000) found that whole-hand 
cooling under slow cooling conditions correlated with hand volume and palm s1ze 
More relevant for finger contact, Chen et al. (1994) found that finger morphology, 
and more specifically finger-pad contact surface area and skmfold thickness affected 
skm cooling for contact with aluminium at temperatures between + 7°C and -7°C 
Also, Rissanen et al. ( 1998) found that finger circumference showed a h1gh 
correlatiOn with finger cooling speed for finger contact With copper at a surface 
temperature of -5°C 
Many gender differences do exist that could have an effect upon finger skin contact 
cooling The skin 1tself has been found to differ m mechamca1 propert1es and 
th1ckness Fruhstorfer et al. (2000) reports that the thickness of the stratum corneum 
of the volar fingertips was thmner in women than in men Vitellaro-Zuccarello et al. 
(1994) found a significant difference between sexes m collagen and elastic fibre 
dens1ty in 45 skm biopsies taken from limbs or the trunk Tur (1997) summarised the 
differences in skin physiology between men and women Skin thickness m humans IS 
greater in men than m women across the entire body (except for the lower back) in 
young subjects (27-31 years) (Seidenari et al. 1994), Skinfold thickness is lower in 
the limbs of women m younger subjects (17-24 years) (Davies et al. 1988) and 
skmfold compression is less in the limbs of women in younger subjects (Hattori et a! 
1993) 
Other gender differences concern blood flow, Bollinger and Schlumpf (1976) found a 
lower rate of arterial inflow through the fingers in women than in men and that 
artenal inflow in response to cooling decreases more greatly in women than in men 
causing cooler limb temperatures Catchpole (1955) reported that circulatmg 
hormones have been found to influence peripheral blood flow and Burse et a! (1979) 
stated that "women's enhanced peripheral vasoconstriction further inhibits their 
ability to mamtain safe skm temperatures" More recently Cooke et a! (1990) found 
finger blood flow to be more than double m men than women and skin perfusion more 
than triple Bartelink et a! (1990) found that skm Circulation varied sigmficantly 
dunng the menstrual cycle with basal flow bemg the lowest during the luteal phase 
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and highest in pre-ovulatory phase Shore et al. (1995) found a lower finger na1l fold 
capillary pressure in women than in men 
In summary, gender differences in hand structure, skin blood flow and skin properties 
are well documented, however the relationship that these factors have with the evident 
difference between the finger skin cold contact response of males and females (see 
laboratory study I) 1s as yet, unclear 
1.3 Aim 
The a1m of th1s study is to compare the fingertip cooling responses of males and 
females to short-term cold contact exposure and to study whether this response can be 
descnbed in terms of gender differences or related to physical hand measurements 
For th1s purpose, experiments were performed where male and female participants 
touched cold matenals over a range of surface temperatures representing fast and slow 
cooling cond1t10ns using h1gh and low finger contact forces The hand sizes of both 
gender groups were sim1lar but w1thin groups vanatlon m hand size was present 
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2. Materials and Methods 
2.1 Participants 
Fourteen participants (7 male and 7 female) participated in the study They were all 
volunteers drawn from the undergraduate and postgraduate population of 
Loughborough University Physical characteristics of the participants are detailed in 
Table 2 1 Mean hand charactenstics were also measured and are detailed m Table 
3 1 Volumes of the index finger and hand were measured using water displacement 
by submerging the finger in to water up to the base of the proximal phalanx and 
processus styloideus respectively Lengths of the mdex finger and its I" phalanx, and 
1" phalanx depth and width were measured with a sliding rule Fmger-pad contact 
area were calculated by scanmng a fingerprint at the appropriate pressure into a 
customised computer programme 
Table 2.1. Mean physical characteristics for male (M) and female (F) participants 
No Years M/F cm Kg LIR 
Sub1ect Age Sex Height Weight Handed 
1 25 M 175 86 5 R 
2 19 M 182 79 9 R 
3 35 M 172 70 1 R 
4 20 M 167 100 1 R 
5 29 M 171 706 R 
6 20 M 182 96 6 R 
7 26 M 174 73 1 R 
Mean 24.8 ±5.8 
-
174.7 ± 5.6 82.4 ± 12.3 -
I 20 F 187 103 8 L 
2 23 F 176 63 5 R 
3 21 F 187 81 5 R 
4 32 F 172 78 0 R 
5 19 F 175 79 9 R 
6 25 F 173 79 7 L 
7 30 F 168 69 4 R 
Mean 24.3 ±5.0 
-
176.9 ± 7.4 79.4 ± 12.6 
-
Overall 24.6 ±5.2 - 175.8 ±6.4 80.9 ± 12.1 -
PartiCipants were made fully aware in writmg of all experimental details (mcluding 
discomfort, demands on time, measurements to be taken and all other procedures) 
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Before partictpatmg each subject was required to complete a form of consent and a 
Human Thermal Environments Laboratory 'health screen for study volunteers' (see 
appendtx) which provtded more information regardmg the subjects' fitness to take 
part in the study Potenttal subjects were excluded from the study tf they have in the 
past suffered frost-btte, any other related cold mjuries or had suffered from vascular 
dtsease 
2.2 Protocol 
Each subject touched, with the 1" phalanx of the index finger of the non-dominant 
hand, blocks (9 5 x 9 5 x 9 5cm) of two different materials (aluminium and stamless 
steel) whtch were selected to represent dtfferent thermal properties as detatled m 
Table 2 2 (properties of material were tested by VTT, Finland, June 14, 1999) The 
thermal properttes are expressed m terms of thermal penetration coeffictent (b) (BSI 
1978, Yoshtda et al. 1989) which is defined as 
Y2 b = (k • p • c) ( . J ·2 ·112 K·t) umts= m s 
where k is thermal conductivity ( W•m -t • K ·I ), p ts denstty ( Kg•m -J ) and c is 
specific heat ( J•Kg -t. K ·I ) 
Table 2.2. Thermal properties of the materials tested 
Density Thennal Specific Thennal Thennal Matenal ConductiVIty Heat (mass) Dtffusmty Penetration (p) (k) (c) (a=ko·Ic·\ coefficient 
Kgm·3 wm·' 1<"1 J Kg·' K"' 1 o.s m2 s·' Jm-2 8-t/2 K-t 
A!UI!llruum 2770 180 900 28 80 21180 
Steel 7750 14 8 461 4 20 7270 
The matenals were touched while exerting force levels of 1 ON and 9 8N The 
material surface temperatures to be used were derived from previous experimental 
findmgs, namely from the prevwus study detruled in chapter 3 (laboratory study 1) 
The surface temperatures when combmed wtth material properties were chosen m 
order to provide two types of cooling fast cooling affectmg only the superficial skm 
layers (<15-20 seconds) and slow coohng affecting the deeper dermal tissue layers (1-
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3 minutes) Minimum safe temperatures to be used were based upon data from pilot 
studies conducted at partner mstitutions (National Institute for Working Life, Sweden, 
Universite Cathohque de Louvian, Belgium, TNO Human Factors Research Institute, 
The Netherlands) These were derived with the aim to produce conditions such that 
frost-nip risks were mimmal and that the skin cooling was not too fast to control The 
surface temperatures selected for this study (-2°C and -l0°C) for the materials used 
(aluminium and stainless steel) were within these safety guidelines 
2.3 Equipment 
2 3.1 Cool-Box 
In order to maintam the test materials at the required surface temperatures, a cold-box 
was used for the study The cool-box was a modified domestic freezer, with an access 
hole and window created in the door, and using a P ID temperature control module to 
over-nde the existmg thermostat, thus allowmg the freezer to regulate at lower 
temperatures (below -35°C) and with greater accuracy and stability (±0 5°C) 
Materials were placed on a balance tray inside the cool-box in order to allow different 
and measurable touching force level to be obtained Due to the difference m densities 
of the matenals tested and the touching force level required, appropnate 
compensation weights were added to the balance tray Participant regulated the 
contact pressure using feedback provided by an analogue pointer method This was 
devised to improve the accuracy of force stability given the problems experienced 
with the previOusly used digital indictor hght method The pomter operated along a 
scale denotmg a range around the desired contact force, thus allowing the participant 
to JUdge the amount of force required to obtain the correct force level 
2.3.2 Slan Coolmg 
For the purpose of measuring skin contact cooling, T-type thermocouples 
(copper/constantan) ofO 2mm diameter (time constant<O 5 seconds) were attached to 
the palmar side of the 1" phalanx of the index finger of the non-dominant hand using 
'3M Blenderm' surgical tape The base of the sensor tip was attached to the finger just 
below the I" phalanx, allowing the sensor to be totally exposed to the skin surface on 
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one s1de, and the touched surface on the other without tape m between This measured 
the effective temperature between the skin and the matenal surface - the 'contact 
temperature' 
2.3 3 Momtormg 
The local skm cooling of the contact area was monitored usmg a WorkBench PC for 
Wmdows 3 00 15 programme in conjunction with a 16-bit Strawberry Tree 
DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, Sunnyvale, CA, 
USA) The program was designed to meet the monitonng system requirements of the 
study Skm coohng measurements displayed graphically and digitally, all data 
recorded for further analysis, pomt of contact of finger with material marked, 
withdrawal point distinguishable (based on expenmental criteria) 
2.4 Withdrawal criteria 
Withdrawal criterion was the occurrence of one of the followmg a contact 
temperature of 0 5°C, a typical sensation of frostnip about which subjects were 
mstructed (burning/tingling), a sensation of mtolerable pain (4 ="Intolerable pain"), 
or any other reason for wh1ch the subject perceived withdrawal to be necessary 
2.5 Experimental Design 
All of the materials were tested over two separate sessions for each participant The 
order in which material, surface temperature and touchmg force level was presented 
was balanced such that any effect of order was avoided The complete design IS 
detailed in Table 2 3 Each condition (i e material and finger contact force at a given 
temperature) was repeated twice 
2.6 Procedure 
SubJects rested for a penod of 30 minutes m an air-conditioned preparation room 
(used to achieve the desired thermal environment) Each subject was asked to rate h1s 
or her whole-body thermal sensation on a Predicted Mean Vote (PMV) scale (ISO 
7730, 1994) These votes were taken every 5 mmutes, and the environmental 
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condttions inside the room were adjusted m order to induce the destred PMV of -I 
(slightly cool) The mean condittons of the preparation room were T a = 18 6 ± I 2°C, 
Rh = 40 5 ± 5 I% A PMV of -I was chosen m order to achteve a baseline state of 
shght vasoconstnctton Clothmg msulatwn was standardised at around 0 4-0 5 clo 
(cotton underwear, socks and t-shirt,jeans and trainers/shoes) 
Table 2.3. Balanced experimental design [where matenal symbols (AL = 
Alummium, SS = Stainless Steel) represents order which materials were presented for 
each session] 
Males Temp°C Matenal Force (N) Females Temp °C Matenal Force (N) 
1 1" ·10 SS,AL 9 8, 10 1 
1" 
·10 SS,AL 9 8, 1 0 
2"' -2 AL, SS 10, 9 8 2"' -2 AL, SS 1 0, 9 8 
2 
1" -10 SS,AL 10,9 8 
2 
1" -10 SS,AL 1 0, 9 8 
2"" 
-2 SS,AL 9 8, 10 2"" -2 SS,AL 9 8, 10 
3 
1 ,, 
-10 AL,SS 9 8, 10 3 I" -10 AL,SS 9 8, 10 2"' -2 SS AL 10,9 8 2"" -2 SS AL 10,9 8 
4 I" -10 AL,SS I 0, 9 8 4 I" -10 AL,SS 10,9 8 2"" -2 AL, SS 9 8, I 0 2"" -2 AL,SS 9 8, 10 
5 1" -2 SS,AL 9 8, 10 5 1" -2 SS,AL 9 8, 10 2'w 
-10 AL,SS I 0, 9 8 2"d -10 AL,SS I 0, 9 8 
6 1" -2 SS,AL 10,9 8 6 1" -2 SS,AL I 0, 9 8 2"" -10 SS,AL 9 8, 10 2"" -10 SS,AL 9 8, 10 
7 !" -2 AL,SS 9 8, I 0 7 !" ·2 AL,SS 9 8, I 0 2"d 
-10 SS AL 10,9 8 2"d -10 SS AL 10,9 8 
Once mstrumented, subjects were asked to touch with the I" phalanx of the index 
finger of the non-dominant hand, a particular matenal block with a particular contact 
force at the spectfic test temperature They contmued to touch the block unttl one of 
the withdrawal cntena was met, upon which the subject withdrew thetr hand from the 
cool-box The contact coohng data observed dunng the exposure was saved to a PC at 
a sample rate of 5Hz (one reading every 0 2 of a second) In order to minimtse 
devtation in startmg skin temperatures the hand was thoroughly re-warmed before the 
next exposure could be conducted Thts was achieved by etther immersing the hand 
(gloved) in a warm water bath (no warmer than 25°C) or placing the hand under the 
armpit 
2. 7 Calibration 
Note See Chapter 2 for specific details 
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All of the thermocouples used for the study were calibrated using the technique 
described in Chapter 2. The deviation of the thermocouples from the Briiel & Kjrer 
calibration sensor was minimal for both stable and transient temperatures. All of the 
thermocouples used in the study were found to be accurate when calibrated (± 0.1 °C). 
Time constants of the sensors were also checked and recorded for changing 
temperature within the range that the sensors were used. 
2.8 Analysis 
2.8. 1 Finger skin cooling curves 
Each individual response from the data collected of finger skin cooling due to contact 
with a cold material surface shows the skin cooling to fo llow a distinct curve. This 
curve is ''bi-phasic", that is, it is composed of two distinct parts that form the 
complete curve (see figure 2. 1 ). The fu nction of the first part (part A) is dominated by 
the cooling of the superficial skin layer and is represented by a steep drop in finger 
skin temperature for a duration of approximately 8-1 0 seconds. The second part of the 
curve (part B) is dominated more by the cooling of the deeper dennaJ layers of the 
fingertip and is represented by a more linear shallow function. 
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Fig 2.1. An example of a typical finger skin contact cooling 
curve. Part A denotes cooling of the superficial skin layer. 
Part B denotes cooling of the deeper dermal tissues 
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2 8.2 Coolmg curve analysis 
A time analysis was regarded as the best method with which the finger skin contact 
cooling data could be analysed This was based upon the fact that the work was 
conducted with the aim of protectiOn, and exposure times are an appropnate manner 
m which the data can be expressed for thts purpose 
An appropnate finger skm temperature was therefore reqUired for this time analysts to 
be based upon, it was considered that a representative temperature could be used for 
this purpose - i e skin temperature of pain onset, numbness or skm freezmg The 
literature regarding work on this area was reviewed 
Most dysfunction of the hands has been shown to be highly related to skm 
temperature Occurrences of pain have been reported at a range of skin temperatures 
(of the back of the hand), below 21 oc (Enander, 1986), 16°C (Chattonet and Cabanac, 
1965) and 10°C (Hellstrom, 1965) Specifically for contact skin temperatures, 1t has 
been found that the onset of pam occurs wtthm the range of 23°C and 14°C 
(Havenith et al , 1992) Marked deterioration in tactile discrimmation was found to 
occur at finger skin temperatures below 8°C (Provms and Morton, 1960) A 
considerable degree of numbness was found m a third of subjects at finger skin 
temperatures of around 7°C and 8°C (Morton and Provms, 1960) Slan in air has been 
found to freeze at skin temperatures below -1 0°C, due to supercooling of the finger 
tissue (Wilson and Goldman, 1970, Wilson et al 1976) For skm m contact with cold 
metal, skm freezmg was observed to occur at slan temperatures of -2 2°C (Lewis and 
Love, 1926) The estimated theoretical freezmg point of skin without the presence of 
supercooling was found to be -0 6°C (Keatmge and Evans, 1960) Based on these 
data, threshold temperatures for analysis could be 15°C (pain), 7°C (numbness) or 
0°C (skin freezmg) However, the cooling elicited over the conditions tested m the 
present study was such that the end of exposure finger skin temperature was below 
2°C and often below 1 oc but did not reach the threshold of skm freezing (0°C) These 
temperatures would occur after a duration of between 5 and 180 seconds Despite this 
wide range of cooling rates elicited by the conditions used m the present study, It was 
preferred that all conditions could be comparable and therefore the skin temperature 
used for time analysis must be the same for each condition As a result of this 
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requtrement other representative thresholds of 15°C (pam) and 7°C (numbness) 
occurred too quickly for some of the conditions tested, therefore they were not 
appropnate for use as the basis of the time analysis Skm temperature withdrawal 
critena was 0 5°C and therefore a finger skin temperature of 0°C or below (required 
for the representation of skin freezing) was not attained without the use of 
extrapolation of the data occurring Due to extrapolatiOn introducing a source of error 
tt was deemed that tt should only be employed when absolutely necessary For this 
reason a finger skin temperature used for time analysts should be above this value In 
order for the data to be described to the greatest extent, tt was concluded that a skm 
temperature for the time analysts should occur at a point as near to the end of the 
majonty of the exposures conducted as posstble, but without the necessity of 
extrapolation, i e the ttme for the temperature was derived from actual data The 
finger skin temperature selected for the time analysis was 1 oc 
2.8.3 Statistics 
The data collected was analysed using analyses of variance and eo-variance studying 
the relationships between mdividual parameters ( e g material, finger contact force, 
surface temperature etc) and cooling ttme All analyses was performed using the 
statistical software package SYSTAT (Systat Inc, Evanston, IL, USA) For 
stgmficance, p$0 05 was accepted 
In order to express compansons between groups of data m terms of distnbution, "box 
and whisker" plots were also used The box plots consist of a lower "hmge" which 
represent the 25% percentile value, an upper "hinge" which represents the 75th 
percenttle and in between the medtan The "whiskers" of the plot represent the 
"fence" range of values that fall within 1 5 times the value between the appropriate 
"hmge" and the median Any values falling outside the "fence" range but falls within 
3 ttmes the value between the appropnate "hmge" and the median are represented by 
an astensk (*) Any value falling outside of thts range ts represented by an empty 
Circle ( o) and are termed "outliers" 
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3. Results 
3.1 Physical hand measurements 
The mean physical hand measurements of the non-dominant hand are detailed m 
Table 3 1 A two-sample t-test was used to analyse the differences between the 
measurements obtained for the male and females participants A critical p-value of 
0 05 was used m order to conclude significance 
Table 3.1. Mean hand characteristics of the non-dominant hand for male and female 
parttcipants 
<D <D ,s 0 0 E 51_ ~E x- ~- .$N' .,_ 
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Male 
1 19 388 25 78 13 17 2 60 2 98 
2 15 356 2 35 70 12 15 5 2 63 2 88 
3 18 369 25 7 1 13 16 2 83 3 10 
4 14 350 23 65 12 14 2 70 2 93 
5 17 324 2 35 70 13 17 2 85 3 25 
6 20 402 27 75 13 17 3 28 3 65 
7 14 315 25 72 13 15 2 68 3 08 
Mean 16.7 357.7 2.45 7.2 12.8 16.1 2.79 3.12 
±2.4 ±31.7 ±0.13 ±0.4 ±0.4 ±0.9 ±0.23 ±0.26 
Female 
1 19 5 391 2 45 73 13 16 2 78 3 28 
2 14 300 24 68 12 14 2 30 2 58 
3 20 386 28 8 1 14 16 2 98 3 48 
4 16 330 26 75 13 16 2 45 2 73 
5 18 375 28 78 13 20 2 95 3 43 
6 18 5 360 25 72 13 16 290 3 38 
7 15 289 24 74 13 16 2 40 3 05 
Mean 17.3 3-17.3 2.6 ?A 13 16 2.68 3.13 
±2.3 ±41.4 ±0.2 ±0.4 ±0.6 ±2.0 ±0.28 ±0.35 
p= 0 660 0 606 0 226 0 216 0 556 0 802 0425 0 960 
Compansons of the physical hand measurements for the male and female parttcipants 
showed no significant dtfferences in any of the measurements taken (psO 05) It can 
be concluded that an expenmental group consistmg of males and females with simtlar 
CHAPTER 4- Hand s1ze 116 
hand and finger dimensions had been obtained for the study. Examples of the type of 
hand size distribution obtained is shown in figures 3.1 and 3.2. 
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Fig 3.1. Box and distribution plot 
comparing fmger volume for males 
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3.2. Finger skin cooling data 
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The starting skin temperature of the fingertip for the two subject groups were initially 
scrutinised. Despite the experimental procedure ensuring that all starting skin 
temperatures were above 25°C, the actuaJ values for the 223 (data was lost for I 
exposure) cooling exposures varied considerably. ranging between 24. 7°C and 36.2°C 
(mean: 31.2 ± 3.3°C). 
When separated in terms of sex it could be seen that there was an overa ll difference 
between the starting skin temperatures of males an females. The male participants 
averaged a starting skin temperature o f 31.8 :l 3.1 oc over 11 2 cooling exposures, 
whereas the femaJe participants averaged a starting skin temperature of 30.7 ± 3.3°C 
over Ill cooling exposures. Within each condition there was not a significant 
difference between starting temperatures of males and females (p>0.05), however, 
overall there was significant difference (p=0.007). 1t was also found that female 
starting finger skin temperature had a positive and significant correlation with hand 
size when represented by both hand vo lume (p<O.OOJ) and finger vo lume (p<0.001). 
However, starting finger skin temperature did not correlate significant ly with hand 
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size for males when represented by either hand volume (p=0.558) or finger volume 
(p=O. I25). 
As the background of the work being conducted concerns the protection of both 
males and females, it was determined that the time to reach a given finger contact 
temperature (Tc) would be used to analyse the cooling data obtained . As the nature of 
the cooling occurring is bi-phasic, it was also determined that the change in Tc for the 
initial 5 seconds of conract (6TS) would also be analysed in order to investigate any 
differences in during the initial cooling phase. 
The time taken to reach a finger contact temperature of I °C (T 1) was used for the 
purpose of analysing the cooling data. This Tc was preferred over 0°C as in all but 9 
exposures I °C was reached and only in these 9 cases extrapolation was needed. For 
0°C a large number of extrapolation would required. Mean values forT 1 separated by 
sex for each condition are given in Table 3.2 and 3.3. 
An analysis of variance (ANOV A) was performed on the times taken to reach a 
contact temperature of I °C (T 1) over all 8 conditions tested. 
Effect of Sex 
It was found that there was no significant difference between the T1 responses of 
males and females (p=0.266). None of the interactions of sex with any of the three 
parameters defining a condition were significant. Examples of the type of distribution 
occurring in the male and female responses with in condition are shown in figures 3.3 
and 3.4. 
Effect of swjace temperature 
The skin cooling times (Tt) found for contact with a given material of a surface 
temperature of - 10°C were significantly shorter than those found at a surface 
temperature of - 2°C (p<O.OO I). 
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Effect of material 
The skin cooling times (T 1) found for contact with aluminium at a given surface 
temperature were significantly shorter than those found for contact with stainless steel 
(p<O.OOI). 
Effect of finger contact force 
The skin cooling times (T1) found at a given condition with a finger contact force of 
9.8N were significantly shorter than those found with a finger contact force of 1.0N 
(p<0.001). 
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Fig 3.4. Box plot comparing male 
and female skin cooling times for 
steel at - 1 0°C, 9.8N contact force 
(Medians: M = 12.2 sec, F = 8.2 sec) 
Table 3.2. Mean skin cooling times (T,) and standard deviations for males 
and females for finger contact with aluminium under each temperature 
and for both contact force levels 
Aluminium -2°C(T1) -10°C (T1) 
I. ON M 62.3±52.3 19.8± 18.8 F 59.9±24.4 8.3±3.9 
Mean 60.6±39.4 14.2±14.8 
9.8N M 29.8±17.4 6.2±4.4 F 23 .5± 16.2 4.6±3.0 
Mean 26.4±17.3 5.5±3.8 
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Table 3.3. Mean skin cooling times (T1) for males and females for finger 
contact with stainJess steel under each temperature condition 
Steel -2°C (Tt) -10°C (T,) 
l.ON M 134.9±51 .5 29.3±20.1 F 161.2±68.5 17.3±8.5 
Mean 148.0±60.9 23.3±16.3 
9.8N M 77.7±24.9 12.8±6.0 F 76.5+ 12.2 8.3±3.3 
Mean 77.1±19.4 10.6±5.3 
Findings from chapter 3 (laboratory study 1) suggested an effect of cooling speed of 
the condition upon any differences found between sex. Therefore, the 8 cooling 
conditions tested in this study were split into FAST and SLOW cooling conditions. 
There appeared to be a distinct separation between the mean T1 times obtained. Five 
conditions feel below a mean T1 time of 26.4 seconds, the closest cooling condition 
above this time had a mean T1 time of 60.6 seconds. It was determined that the split 
between fast and slow cooling conditions would occur between these two conditions. 
Fast cooling conditions are dominated by a very steep function throughout the 
exposure (see Figure 3.5), whereas a slow cooling condition is composed of an initial 
steep function at the beginning of the exposure, followed by slower, more linear 
cooling function (see Figure 3.6). The speed under which each condition tested fell is 
detailed in Table 3.4. 
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cooling curve recorded during a fast 
cooling condition exposure 
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Table 3.4. Description of fast and slow cooling 
-2°C -2°C -l0°C -l0°C 
(I. ON) (9.8N) (I. ON) (9.8N) 
Aluminium ./ ./ ./ ./ 
tee I 
./ ./ ./ ./ 
(BLUE Slow, RED Fast) 
3.3 Differences of finger skin cooling time in relation to hand size 
It has been found that there is no significant difference in the hand/fmger morphology 
between the male and female participants. It has also been determined that there is no 
overaU significant effect of sex upon finger skin cooling time. 
The next step in the analysis was to determine whether the variation in hand/finger 
size within our subject group significantly accounted for the variability found in 
finger skin contact cooling times. 
In order to investigate the effect of hand and finger size upon the finger skin contact 
cooling times observed, a general linear model (GLM) was tested. The GLM 
incorporated the varying parameters that defined the conditions for the relevant 
cooling speed and hand/finger size (as defined by the hand measurements taken). 
The model (equation 1) tested for both slow cooling and fast cooling is described 
below and the extent to which each parameter affected the finger skin cooling time 
(T 1) is determined by using an interactive forward stepwise regression method, 
including the parameters found to have a significant effect. This analysis was 
performed using the statistical software package SYSTAT (Systat Inc., Evanston, IL, 
USA). For significance, p~0.05 was accepted. 
Time to reach Tc of 1 CC = CONSTANT (bo) + b1 • Material + bz • Finger contact 
force + b3 • Hand size + b4 • Sex + bs • Material surface temperature • • • •• •• ( 1 ) 
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The finger skin cooling times used in the regression were an average of the two runs 
performed under each condition. 
The GLM results of the fast cooli ng and slow cooling conditions wi ll be discussed 
separately. 
GIM results - slow cooling conditions 
The finger skin cooling times (T1) for the 81 cases of finger contact under slow 
cooling conditions were investigated using equation ( 1) but as only one surface 
temperature was present this was not a parameter in the analysis. Consistent with the 
early analyses thermal properties of the material touched (b1) and finger contact force 
(b2) were both found to have a highly significant effect upon T 1 (p<O.OO I). 
The effect of hand size (b3) upon finger skin cooling under slow conditions was only 
fou nd to have a significant effect when represented by finger vo lume (p=0.043). An 
example of this relationship for a particular condition is given in figure 3.7. None of 
the other hand measurements were found to significantly affect T1 under the slow 
coo li ng conditions (p~0 . 05) . The p-values for the effect of these measurements (bJ) 
upon T1 are given in Table 3.5. Sex (b4) was found to not be significantly correlated 
with the residual variance found in T1 after correction for parameters discussed above 
under slow cooling conditions (p~0.05) . None of the interactions of sex with any of 
the model parameters were found to be significant. 
Table 3.5. Significance levels for each individual hand measurement (b3) when 
included in model (1). Significant (p~0 . 05) denoted by an asterisk 
P-value 
Finger volume 0.043* 
Contact area 0.094 
Hand volume 0.183 
Finger length 0.860 
Phalanx length 0.462 
Phalanx width 0.328 
Phalanx depth 0.113 
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Fig 3.7. A regression plot ofthe time to reach a Tc 
of I °C against fmger volume for Steel at - 2°C 
with a finger contact fo rce of ! .ON 
GLM results - fast cooling conditions 
The fmger skin cooling times (T1) for the 138 cases of finger contact under fast 
cooling conditions were investigated using equation (1 ). Thermal properties of the 
material touched (b1) , finger contact force (bz) and material surface temperature (bs) 
were all found to have a highly significant effect upon T 1 (p<O.OOI). 
Hand size (b3) was not found to significant ly correlate with the residual variance in 
fmger skin cooling time (T1) under fast cooling conditions, when represented by any 
of the band/finger measurements taken (p>0.05). However, it was found that sex (b4) 
did have a significant effect upon T1 (p<O.O l). Thls effect of sex indicates a difference 
between the finger skin cooling times of males and females under fast cooling 
conditions, with males having a significant ly longer mean finger skin cooling time 
(T1) of 19.4± 17.2 seconds compared to a mean T1 time of 11.7±10.2 seconds for 
female participants (p=0.002). 
It was suggested in laboratory study 1 that skin cooling times under fast cooling 
conditions may be affected by contact area of the fingertip with a greater finger-pad 
contact surface area eliciting faster skin cooling. The overall relationship between 
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finger-pad contact area and T1 found in the present study was indeed negative but not 
significant (p=0.126). 
Change in Tc in the initia/5 seconds of contact (iJT5) 
The 1::. TS times represent the cooling of the uppermost superficial skin layers upon 
initial contact. It was observed that the cooling occurring in the initial contact period 
was similar for all conditions tested. Therefore for this particular analysis a di stinction 
between fast and slow cooling conditions was not be made. The mean 1::. T5 times for 
males and females for each condition are detailed in Table 3.6 and 3.7. 
An analysis of variance (ANOV A) was performed on the 1::. T5 data. lt was fou nd that 
material thermal properties, material surface temperature and finger contact fo rce all 
had a highly significant effect upon t:.T5 (p<O.OOI). A significant difference was not 
found between the male and female responses (p=0.098), but, there was a trend 
suggesting that females had a greater t:.TS than males, despite having a significantly 
lower starting finger skin temperature. 
Table 3.6. Mean changes in finger contact temperature for initial 5 seconds of contact 
(t:.T5) for males and females for finger contact with aluminium under each condition 
Aluminium -2°C (T,) -l0°C (T,) 
I. ON M 20.6±3.7 24.4±6.3 F 21.6±3.9 26.3±4.4 
Mean 21.1±3.8 25.4±5.3 
9.8N M 24.9±3.6 29.5±5.3 F 26.0±5.0 27.9±3.7 
Mean 26.4±17.3 28.7±4.5 
Table 3. 7. Mean changes in finger contact temperature for initial 5 seconds of contact 
(t:.TS) for males and females for finger contact with steel under each condition 
Steel -2°C (T,) -10°C (Tt) 
l.ON M L7.9±3. J 2 1.9±5.3 F 19.4±3.4 24.3±5.8 
Mean 18.6±3.2 23.1±5.5 
9.8N M 21.8±3.6 26.4±3..+ F 22.8±2.9 26.8±5.4 
Mean 22.3±3.2 26.6±4.3 
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Using a revised model of equation ( I), with ~T5 as the dependent variable, a GLM 
was performed on the 11 T5 data and it was found that fingertip contact area 
significant ly affected 11 T5 (p=0.005). The relationship of contact area with ~ T5 was 
positive implying that the higher the finger-pad contact surface area, the bigger the 
drop in contact temperature. An example of the relat ionship is shown in figure 3.8 and 
the relationship of finger-pad contact surface area with the residual variance in ~ T5 
after correction for the other factors in equation ( 1) is shown in figure 3. 9. 
u 40~--~----~-----r----~ 
~ 
Fingertip contact surface area (cm:t) 
X MALE 
O FEMALE 
Fig 3.8. A regression plot showing the 
drop in Tc for the initial 5 seconds of 
contact against fingertip contact surface 
area for all condjtions (p=0.005) 
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Fig 3.9. A regression plot showing the 
residual variance in 11T5 against 
fmgertip contact surface area for ail 
conditions 
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4. Discussion 
4.1 Physical hand measurements 
Subjects in this study were specifically selected for hand size The aim was to select a 
group composed of males and females with similar hand and finger measurements 
This was ach1eved No sigmficant differences were present between male and female 
subJects for any of the hand/finger measurements taken 
The subjects used m the present study do not represent the normal population, (with 
females subjects being drawn from the upper percentiles for hand size of the females 
population and male subjects being drawn from the lower percentiles of the male 
population) A subject group representative of the average population was used in 
laboratory study 1 but this approach did not allow a clear separation of the hand s1ze 
and gender effect The approach in the present study facilitated the investigation of 
any differences occurring in finger skin contact cooling as result of gender d1fferences 
and not as an underlymg effect of differences in hand/finger size 
4.2 Finger skin cooling data 
Startmgfinger slan temperature 
The starting finger skin temperature for males was on average I 1 oc higher than that 
of the female participants, and a positive sigmficant correlation of hand size with 
startmg skin temperature was found for females, but not for males It appears that 
there is an underlying gender difference when considering starting skm temperature 
The 30-minute moderate whole-body cooling occurred before exposure in order to 
allow a baseline whole body thermal state to be achieved across subjects and this was 
reflected in the pred1cted mean vote (PMV) of "shghtly cool" However, despite the 
preparation room environmental cond1t1ons being identical for both males and 
females, it appears that a gender effect caused the starting finger skin temperatures to 
differ between males and females It is suggested that a difference m peripheral blood 
flow may explain th1s occurrence Bollinger and Schlumpf (1976) observed that 
arterial inflow to the fingers of women is normally only about half of that of men, and 
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women reduce their artenal finger mflow much more than men in response to cooling, 
therefore giving lower skin temperatures It could be argued that the differences found 
m startmg skin temperature between males and females may affect the resultant time 
analysis for reachmg given contact temperatures However, the anginal aim of this 
work is to provide protectwn for both males and females and the time analysis 
method provides an optimal way of achievmg this 
Fmger skm contact coo/mg 
Inter-md1vidual variation in the finger skm cooling times were rather large, however 
the method used to represent the coohng occurring (T 1) would appear to be 
sufficiently d1scnmmatJve as the effects of material type and surface temperature 
came out significant Matenal thermal properties s1gmficantly affected T 1, with skm 
coohng bemg quicker for contact With the matenal With the higher thermal 
penetratiOn coefficient This IS m agreement With the previous findmgs in chapter 3 
(laboratory study I) and other studies (Havemth et al. 1992, Chen et al. 1992, Jay et 
a/ 2000, Geng et al. 2001) The effect of difference in material surface temperature, 
with skin cooling being qmcker With a lower surface temperature also agree with the 
previous findings m chapter 3 (laboratory study I) and other studies (Chen et a/ 
1994, Jay 2000, Geng et a/ 2001) 
Slow coolmg condlflons 
There was no significant difference found between the finger skm coolmg times (T 1) 
of males and females under the slow cooling conditions This IS incongruent to the 
findmgs of chapter 3 (laboratory study I) where there was a sigmficant difference 
found between sexes for the slow cooling conditions tested m that particular study 
This suggests that the equal hand sizes of the males and females in the present study 
removes the effect of gender under slow cooling conditions As m the previous study, 
skm coohng time was found to be significantly affected by finger volume, the greater 
the finger volume, the longer the finger skin cooling time Murai et a/ (1997) found a 
linear relationship between the volume of volar soft tissue in the fingertip and total 
fingertip volume Whilst fingertip volume was not measured in the present study, an 
estimation was calculated from tip width, tip depth and length of I" phalanx and this 
estimatiOn significantly correlated with finger volume (p=O 03) It IS suggested that 
the correlatiOn of finger volume with T 1 is a result of the larger volume of volar tissue 
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of the fingertip requiring greater amounts of heat to be transferred from the fingertip 
to the material in order to obtain a given finger skin temperature 
There was a significant difference found in finger skin cooling times (T 1) for slow 
coohng conditions between exposures using I ON and 9 8N finger contact force In 
companson to the previous study (detailed in chapter 3} It can be concluded that the 
analogue feedback method used to regulate finger contact force m the present study 
provided greater accuracy than the digital feedback method used m the previous 
study The shorter finger skin cooling times (T I) found for exposures using 9 8N 
finger contact force can be explained in terms of blood content of the fingertip 
Mascaro et al. (2001} descnbes that fingertip capillanes that do not lie between the 
finger nail and d1stal phalanx are not protected from touch pressure by the phalanx 
bone Cap1llanes at the tip of the finger and those in the pulp of the palmar s1de of the 
fingertip are hable to collapse under contact pressure and above touch forces of IN 
blood begins to be pushed out of the very tip of the fingertip resultmg in a white band 
across the front of the fingernail An mcreasmg volume of blood IS pushed out with 
mcreasmg touch force above IN, until a force of 4N, where all blood IS completely 
pushed out of the fingertip A finger contact force of 9 8N by far exceeds this 4N 
threshold and therefore any heat input from blood in the capillaries of the fingertip 
that may slow finger skin coohng is not present The only blood remaining in 
fingertip is that which has pooled beneath the fingernail (Guyton, 1981 }, however, 
this IS unhkely to provide any notable heat input to the skin of the contact site as this 
blood lays behind the distal phalanx bone 
Cons1denng the literature, any effect of blood flow on finger skin contact cooling is 
most hkely to occur for finger contact force exposures of I ON or below The deeper 
tissue coohng ehcited by slow cooling conditions may be affected by the blood 
flow/content at this finger contact force Though blood flow correlates with contact 
force, it is really dependent on contact pressure, as this opposes the capillary blood 
pressure A well-documented physiological difference between males and females is 
that of peripheral blood flow Whilst no difference was found between the T 1 
responses of males and females under slow cooling conditiOns, the possibility of any 
differences occumng due to blood flow were mvestigated further This was performed 
by studying the actual pressure at the contact site of the fingertip Fingertip pressure 
CHAPTER 4- Hand srze 128 
was calculated by dividing the finger contact force (expressed in N) by the contact 
surface area of the participant (expressed in m2) givmg the fingertip pressure 
(expressed in Nm-2), thus givmg an inverse relationship between contact area and 
fingertip pressure These pressures were also converted and expressed in terms of 
Millimetres of Mercury ( mmHg) in order to relate them to blood pressure The values 
for both finger contact forces are given for females in Table 4 1 and males in Table 
42 
Table 4.1. Fmgert1p pressure values 
for female participants for 1 ON and 
9 8N finger contact force 
._Oz a_., ~~c; Subject -e~-"'s- =>N 
" "' E "l!li No ~ea> ~~~ 0> E - 0 ~ lf~E U..us. 
"- a. a.-
1 1 0 3597 27 0 
2 1 0 4348 32 6 
3 1 0 3356 25 5 
4 1 0 4082 30 6 
5 1 0 3390 25 4 
6 1 0 3448 25 9 
7 1 0 4167 31 2 
Mean 
- 3770 28.3 
S.D 
- 385.2 2.8 
1 98 29878 224 
2 98 37984 285 
3 98 28161 211 
4 98 35897 269 
5 98 28571 214 
6 98 28994 218 
7 98 32131 241 
Mean 
- 31659 237 
S.D 
- 3590 26.9 
Table 4.2. Fingertip pressure values 
for male participants for 1 ON and 
9 8N finger contact force 
._ -z ~~~ O.<D-Subject ~19- €5~ 
"'"'E ~~E No 5 § ~ ~2!~ !: !!! E U..u,g 
"- a. "-a.-
1 1 0 3846 28 8 
2 1 0 3802 28 5 
3 1 0 3534 26 5 
4 1 0 3704 27 8 
5 1 0 3509 26 3 
6 1 0 3049 22 9 
7 1 0 3731 28 0 
Mean 
- 3596 27.0 
S.D 
-
252.3 1.9 
I 98 32886 247 
2 98 34028 255 
3 98 3I613 237 
4 98 33447 251 
5 98 30154 226 
6 98 26849 20I 
7 98 318I8 239 
Mean 
-
31542 237 
S.D 
-
2256 17.1 
It can be seen from Tables 4 I and 4 2 that the conditions using a finger contact force 
of I ON is in fact closest to a fingertip capillary blood pressure of approximately 
30mmHg It was earher determined that finger contact force sigmficantly affected T 1 
(p<O OOI), however a more subtle difference due to the effects of blood flow maybe 
be observed between sexes in the data collected using a finger contact force of 1 ON 
As stated m section 1 Shore et al. (1995) found that males have a higher capillary 
blood pressure in the fingertip than females It can therefore be deduced that the 
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fingertip capillary blood supply may be shut-off due to the finger contact pressure at a 
lower fingertip pressure for females than males It may be possible that by studying 
the relatiOnship of fingertip pressure with skin coohng time (T t), a stronger 
correlation wtll be evident wtth males than with females Thts was found to be the 
case for males wtth fingertip pressure significantly affecting T 1 (p=O 048) with the 
relationship being negative (i e cooling time increases with decreasing fingertip 
pressure) No stgmficant effect of fingertip pressure was found for females (p=O 388) 
These findings suggest that the sigmficant relationship between fingertip pressure and 
T 1 for males and not females is a result of fingertip capillary collapse occumng for all 
female exposures but not for all male exposures due to higher captllary pressure in the 
fingertip of the male participants The negative relationship for the significant effect 
of male fingertip pressure on T 1 supports this by mdicating that a lower fingertip 
pressure is accompamed by a long finger skin coolmg time (T t) 
Fast coolmg condltwns 
There was a significant dtfference found between the finger skm cooling ttmes (T t) of 
males and females under the fast cooling conditions This is not m agreement with the 
findmgs of the previous study (detailed m laboratory I) However, the cooling ehctted 
m half of the fast coohng conditions of that study were extremely fast (metals tested 
at -l7°C) So much so that the majority of the small amount of data that could be 
collected from those conditions before withdrawal critena was reached, was 
attnbutable to thermocouple dynamics It was found in the present study that cooling 
times in the fast cooling conditions tested (metals at -!0°C) were sufficiently long to 
provtde a detailed representation of the skm cooling occurring and It was evident that 
male finger skin coohng times (T1) were sigmficantly longer than female Tt ttmes 
The type of skm coohng occurring under the fast cooling conditions is that of the 
superficial skm layer of the finger-pad Fruhstorfer et al. (2000) found that cornified 
epidermis (stratum corneum) is thicker in the fingertips of males than females and it is 
suggested that the longer finger skin cooling times found in males is a consequence of 
this 
Finger contact force was found to have a significant effect upon T 1 times But as It 
only the superficial layer of skm that IS bemg cooled under the fast coohng conditions 
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and this epidermal layer is essentially a non-vascularised tissue, any differences 
observed as a consequence of finger contact force cannot be attributed to differences 
m blood flow or content of the fingertip The relationship found between T, times and 
finger contact force for fast cooling condttions can be explained in terms of the of 
finger-pad contact surface area An increase m finger contact force results in a greater 
finger-pad contact surface area (see Table 3 1) The mdication from the findings of 
laboratory study 1 was that for fast cooling condttions, a greater finger-pad contact 
surface area facilitates a greater heat transfer rate between the superficial skin layer 
and the matenal surface resulting in a shorter T 1 time Overall, contact surface area 
did mdeed have a negative relationship wtth T 1 but was not qUite found to 
stgnificantly affect T 1 times under fast cooling conditions 
In order to further mvesttgate the theory of finger skm cooling time having a negative 
relationship with contact surface area of the finger-pad for the cooling of the 
superfictal skm layer of the finger, the change in skin temperature over the tmtial 5 
seconds of contact (.1.T5) was investigated Superficial skin layer cooling occurs 
dunng the imtlal 5 seconds of contact for all condttions There was therefore no 
reason to dtscnminate between fast and slow cooling condittons for this particular 
stage of the analysis The effect of finger-pad contact surface area on .1. T5 was found 
to be stgnificant (p=O 005) thus provmg that for epidermal-only cooling, greater skm 
contact surface area produces a greater decrease in finger skin temperature This IS 
suggested to be a consequence of a greater heat transfer rate due to greater skin area in 
contact wtth the cold surface The relationship was found to be the same for males as 
for females 
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5. Conclusions 
For the slow cooling conditions tested (aluminium at -2°C with a I ON touchmg force 
and stainless steel at -2°C wtth a I ON and 9 8N touching force) there was no 
significant difference found m finger skin coohng time between males and females of 
the mdex finger-pad of the non-dominant hand due to short-term contact Finger skin 
coohng time was significantly affected by finger volume, this was found to be 
mdependent of sex At a finger contact force of I ON finger coohng time was found to 
be sigmficantly affected by actual finger-pad pressure (force/contact area) for males 
but not for females It is suggested that this is a consequence of dtfferences m 
capillary blood flow between males and females 
A stgmficant difference was found m finger skm coohng times between males and 
females for the fast cooling conditions tested It is suggested that thts is due to a 
thicker layer of cornified epidermis on the surface of the male fingertip and not as 
consequence of differences in hand size 
A sigmficant effect of finger contact surface area on the change in finger skm 
temperature dunng the mttlal 5 seconds of contact was found over all conditions It is 
concluded from thts that eptdermal-only coohng of non-vasculansed skm ts 
significantly dependent upon finger-pad contact surface area for both sexes 
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CHAPTER FIVE - LABORATORY STUDY 3 
SKIN CONTACT WITH COLD MATERIALS THE EFFECT OF BLOOD FLOW 
ON SHORT TERM EXPOSURES 
1. Introduction 
1.1 Background 
Typically, mdustry workers are exposed to, and may touch, either accidentally or 
mtentionally, many surfaces of different materials ( e g machme parts, walls etc) For 
environments contaming hot surfaces, standards are available to determine the 
temperature hmits for these surfaces in order to minimise safety risks (EN 563 1994) 
However, no such standard is available for cold surfaces and for those working m 
such an envuonment, accidental skin contact exposure and the resultant skin cooling 
could pose a health and safety risk in terms of discomfort, pain, numbness and skin 
damage (Enander 1986, 1989) 
1.2 Previous Research 
Research investigatmg human responses to touching cold surfaces in the past has been 
conducted with the aim to derive protective values for contact coolmg Chen et al 
(1992, 1994, 1996) studied the cooling responses of the finger in contact with a 
number of materials over a range of surface temperatures under various conditions In 
one of the studies (Chen et al. 1994), a 3-mmute "body warming" step-activity 
preceding index finger contact with alummium was found to have a significant effect 
upon the rate of contact coohng of the finger-pad when compared to a "body cooling" 
condition Havenith et al. (1992) investigated the cooling responses for whole hand 
contact, gnpping cold bars- and observed that a 30-mmute step-activity raising rectal 
temperature by 0 4 °C, preceding cold contact exposure had a sigmficant effect upon 
the rate of skin cooling More recent work by Geng et al. (2000) studied the change in 
skm-surface contact temperature of finger touching on cold surfaces and the effects of 
finger pressure were attnbuted to "finger blood flow reducmg, or even stopping with 
higher pressures" 
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Understanding the effects of blood flow upon contact cooling is of great importance 
when considering the protection of numerous groups in a working environment The 
cold contact responses of sufferers of circulatory disorders, such as the vasospastic 
dtsorder Raynaud's disease, whtch is characterised by excessive vasoconstnction of 
the cutaneous circulation of the extremities (Coffman, 1989), may be greatly affected 
should blood flow have an influence upon the fingertip contact cooling Laboratory 
study 1 and 2 of this thesis considered the dtfferences in cold contact responses 
between males and females and it was found that at a finger contact force of 1 ON 
under slow cooling conditions, the finger skm cooling time was significantly affected 
by actual finger-pad pressure (force/contact area) for males and not for females It was 
suggested that this could be a consequence of differences in capillary blood flow 
between males and females In females, blood flow supposedly was occluded at all 
contact pressures, whtle in males it may have been open at the low contact pressure 
level Thts tdea is based on the findmgs of Shore et al. (1995) who found a significant 
lower captllary pressure m the nailfold of females than in males Further evidence 
supportmg that females would be at greater nsk to cold contact injury due to blood 
flow is presented by Cooke et at ( 1990) who found that finger blood flow m men 
surpassed that of women (19 5±4 I versus 7 7±1 8ml/100ml/min) Thts was suggested 
to be a consequence of a basal increase in sympathetic tone rather than a local 
structural or functional difference in cutaneous circulation 
The mfluence of ambient temperature on the effect of segment skin temperature ts 
summarised by Montgomery (1974) At a gtven skin temperature the blood flow 
through a body segment tends to be higher with increasing ambient temperature The 
absolute effect of ambient temperature upon hand blood flow is less pronounced at 
lower skm temperature than at a skin temperature above 32°C Above 35°C, the effect 
of ambtent temperature, at a given skin temperature, upon forearm blood flow tends to 
decrease The rate in segmental blood flow wtth skin temperature above 32°C is 
htgher in a warm environment than a cold one 
From the literature it is evident that many factors have an influence upon peripheral 
blood flow, however, the effect of dtfferences m blood flow upon contact cooling 
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remams unclear It IS necessary to mvestigate this further in order to account for 
circulatory affected groups when deriving protective values for cold surfaces m a 
worlang environment 
1.3 Aim 
The aim of this study is to compare the finger-pad cooling responses of the occluded 
and non-occluded hand to short-term cold contact exposure and to study whether this 
response IS related to d1fferences m blood flow state For th1s purpose, experiments 
were performed where subjects touched matenals at different temperatures under an 
occluded and a vasodilated condition 
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2. Materials and Methods 
2.1 Subjects 
Eight subjects (all female) participated in expenment 1 Six subjects (all male) 
participated m experiment 2 All participants for the study were volunteers drawn 
from the undergraduate and postgraduate population of Loughborough University 
Physical characteristics of the subjects are detailed for experiment 1 in Table 2 1 and 
experiment 2 in Table 2 3 Mean hand characteristics were also measured and are 
detailed for subjects of experiment 1 in Table 2 2 and for subjects of experiment 2 m 
Table 2 4 Volumes of the index finger and hand were measured using water 
displacement by submergmg the finger in to water up to the base of the proximal 
phalanx and processus styloideus respectively Lengths of the index finger and its 1" 
phalanx were measured with a sliding rule Circumferences of the 1 '1 phalanx were 
measured with stnng and rule Finger-pad contact area and hand surface area were 
calculated by scanmng a fingerprint at the appropriate pressure and a hand outline 
respectively, into a customised computer programme Blood pressure and pulse rate 
were measured using a Spetdel and Keller automatic blood pressure monitor (wrist 
version), the specification accuracy being ±3mmHg and ±5% of pulse readmg Body 
surface area was estimated using DuBois surface area (Ao) (DuBois and DuBois, 
1915) 
Subjects were made fully aware in writmg of all experimental details (including 
posstble discomfort, demands on time, measurements to be taken and all other 
procedures) Before participating each subject was required to complete a form of 
consent and a Human Thermal Environments Laboratory 'health screen for study 
volunteers' (see appendtx) which provided more information regarding the subjects' 
smtabthty to take part in the study Potential subjects were excluded from the study tf 
they had m the past suffered frost-bite, any other related cold injuries or suffered from 
vascular disease 
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Table 2.1. Physical characteristics for subjects of expenment I 
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2 F 21 161 57 6 1 60 118/72 60 
3 F 24 167 64 5 172 119/78 60 
4 F 19 169 69 0 1 79 138/88 106 
5 F 22 163 61 2 1 66 100/60 75 
6 F 21 165 73 0 I 54 127/73 67 
7 F 20 162 64 4 1 68 119/72 80 
8 F 21 173 62 1 1 74 113/87 87 
Mean 21 167 65.5 1.69 117/73 78 
-±SD ±2 ±5 ±4.4 ±0.07 ±12/12 ±16 
Table 2.2. Mean hand characteristics for subjects of experiment 1 
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1 38 15 275 30 75 26 179 
2 46 15 280 35 77 20 167 
3 50 13 283 29 77 22 157 
4 45 19 311 29 77 27 141 
5 47 13 260 47 73 28 129 
6 4 1 11 264 32 7 1 22 144 
7 47 15 296 27 80 29 142 
8 50 10 241 27 7 1 22 133 
Mean 4.6 1-t 276 3.2 7.5 2.5 149 
±0.4 ±3 ±21 ±0.7 ±0.3 ±0.3 ±17 
Table 2.3. Physical characteristics for subjects of expenment 2 
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1 M 24 187 88 0 213 134/70 67 
2 M 19 182 799 2 01 130175 59 
3 M 21 188 108 1 234 144/73 73 
4 M 22 181 73 5 193 127/70 58 
5 M 20 183 103 4 2 25 143/82 69 
6 M 20 183 75 1 196 122/74 64 
Mean 21 184 88.0 2.10 133/74 65 
- ±2 ±3 ±14.7 ±0.16 ±9/4 ±6 
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Table 2.4. Mean hand characteristics for subjects of experiment 2 
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I 5 1 20 425 26 74 26 
2 47 15 356 24 70 22 
3 52 19 505 28 76 27 
4 54 24 415 29 78 30 
5 50 20 402 24 75 25 
6 5 1 21 406 29 76 30 
Mean 5.1 20 418 2.7 7.5 2.7 
±0.2 ±3 ±49 ± 0.2 ±0.3 ± 0.5 
2.2 Protocol 
Each subject touched, w1th the 1" phalanx of the index finger of the non-dommant 
hand, blocks (9 5 x 9 5 x 9 5cm) of stainless steel and nylon in experiment 1, and 
alummium m experiment 2 The thermal properties of these materials are detailed in 
Table 2 5 (properties of materials were tested by VTT, Finland, June 14, 1999) The 
thermal properties are expressed in terms of thermal penetratmn coefficient (b) (BSI 
1978, Yosh1da et al. 1989) which 1s defined as 
V, b = (k • p • c) 
where k is thermal conductivity ( W•m -I • K -I ), p 1s dens1ty ( Kg• m -J ) and c is 
specific heat ( J•Kg -1·K -I) 
Table 2.5. Thermal properties of the matenals tested (Expenment 1 = +, Expenment 2 = *) 
* 
+ 
+ 
Matenal 
Almruruum 
Steel 
Nylon 
Density 
(p) 
Kg m·3 
2770 
7750 
1200 
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Thennal 
Conduc!iv1ty 
(k) 
wm-'K-' 
180 
14 8 
0 34 
Specific Thennal Thennal 
Heat (mass) DlffuslVlty Penetra!lon 
(c) (a=kp-•c-1) coefficient 
J Kg·' K"' 10-6m2 s·' Jm-2 s·112 K 1 
900 28 80 21180 
461 420 7270 
1484 0 19 780 
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The materials were touched while exertmg a contact force level of2 9N m expenment 
I and a force level of 0 SN m expenment 2 The material surface temperatures to be 
used were denved from previous expenmental findmgs, namely from the prevwus 
study detailed m chapter 3 (laboratory study I) 
Mimmum safe temperatures to be used were based upon data from pilot studies 
conducted at partner institutions (National Institute for Working Life, Sweden, 
Umversite Catholique de Louv~an, Belgium, TNO Human Factors Research Institute, 
The Netherlands) These were derived With the aim to conditions such that frost-nip 
nsks were minimal and that the skin cooling was not too fast to control For the 
present study, the test matenals (stamless steel and nylon) for experiment I were 
touched at a surface temperature of -5°C in order to provide contrasting rates of 
coolmg (fast and slow) The test matenal m experiment 2 (alumimum) was touched at 
a surface temperature of -2°C in order to ehcit a rate of skm cooling sufficiently slow 
to allow the cooling of the deeper dermal tissues 
2.3 Equipment 
Note See Chapter 2 for specific details 
2 3.1 Cool-Box 
Matenals were placed on a balance tray mside the cool-box in order to allow different 
and measurable touchmg force level to be obtained Due to the difference m densities 
of the materials tested and the touching force level required, appropriate 
compensation weights were added to the balance tray Participant regulated the 
contact pressure usmg feedback provided by an analogue pointer method This was 
devised as the previous digital indictor light method was deemed too inaccurate for 
the purpose of the present experiment The pomter operated along a scale denotmg a 
range around the desired contact force, thus allowmg the participant to JUdge the 
amount of force reqUired to obtain the correct force level 
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2.3.2 Skm Coolmg 
For the purpose of measunng skin contact cooling, T -type thermocouples 
( copper/constantan) of 0 2mm diameter were attached to the palmar side of the 1 '' 
phalanx of the index finger of the appropnate hand using '3M Blenderm' surgical 
tape The base of the sensor tip was attached to the finger just below the 1" phalanx, 
allowmg the sensor to be totally exposed to the skin surface on one side, and the 
touched surface on the other This measured the effective temperature between the 
skin and the material surface - the 'contact temperature' 
2 3 3 Momtormg 
The local skin cooling of the contact area was morutored using a WorkBench PC for 
Windows 3 00 15 programme in conjunction with a 16-bit Strawberry Tree 
DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, Sunnyvale, CA, 
USA) The program was designed to meet the morutonng system requirements of the 
study Skin coohng measurements displayed graphically and digitally, all data 
recorded for further analysis, point of contact of finger with matenal marked, 
withdrawal pomt distingmshable (based on expenmental cnteria) 
2.4 Withdrawal criteria 
Withdrawal cntenon was the occurrence of one of the followmg a contact 
temperature of 0 5°C, a typical sensation of frost-rup about which subjects were 
instructed (bummg/tmgling), a sensation of intolerable pam ( 4 = "Intolerable pam"), 
or any other reason for which the subject perceived Withdrawal to be necessary 
2.5 Experimental Design 
All materials were tested dunng two separate sessions for each subject, one dunng a 
free-flow blood flow condition, the other during an occluded condition (these 
conditions are detailed in secrion 2 6) The order in which these blood flow conditions 
and materials were presented for experiment 1 is detailed in Table 2 6 The order in 
which the blood flow conditions were presented in expenment 2 is detailed m Table 
2 7 The matenal presentations within each session and blood flow state presentations 
between sessions were balanced such that the effect of order was avoided 
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For experiment 1, see Table 2.6, where: box number represents the order in which 
each group tested a particular temperature· material symbols (SS = Stainless Steel, 
NY = Nylon) represent the order in which materiaJs were presented for a particular 
session. Each combination of materia I and temperature was repeated 3 times. 
Table 2.6. Balanced experimental design for experiment 1. 
(Material surface temperature = -5°C) 
Subject Free-flow Occluded 
1 SS.NY SS,NY 
2 SS. NY NY,SS 
3 NY.SS NY, SS 
4 NY,SS SS,NY 
5 SS, NY SS,NY 
6 SS, NY NY,SS 
7 NY, SS NY.SS 
8 NY,SS SS.NY 
Order of temperatures balanced: JU~D Fir.ttl, BUJI:.: Sectmd 
Table 2.7. Balanced experimental design for experiment 2. 
(Material surface temperature = -2°C) 
Subject Free-flow Occluded 
1 } SI 2nd 
2 2nd ISI 
3 1st 2no 
4 2"d 1st 
5 1st 2nd 
6 2"<1 1st 
2.6 Free-flow blood flow state procedure 
2.6. I Experiment I 
Upon arrival the subject' s forearm blood flow was measured using an EC4 Hokanson 
SGP mercury strain gauge plethysmograph. Five measurements were taken and saved 
to a PC over a 5 minute period. (See chapter 2 for details). Upon completion of the 
measurements the subject was required to cycle on an ergometer for 30 minutes with 
5-minute rests every 5 minute after the initial 10 minutes of exercise. The required 
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activity of approximately 140Wm"2 (mean 139±6Wm"2) was performed m an 
environmental chamber with mean environmental conditions of T. = 34 6 ± 0 9°C, 
Rh = 31 9 ± 4 5% with a clothing insulation 0 3 clo (cotton underwear, socks, shorts, 
tramers and t-shirt) After a 30-minute period since mitial exposure had elapsed, the 
subject was transferred to a heated preparation room (mean environmental conditions 
T. = 30 1 ± 1 3°C, Rh = 32 2 ± 4 1%) During this transfer the subject's clothing 
msulation was m creased to approximately 0 6clo (cotton underwear, socks, shorts, 
tramers and t-shirt + tracksuit trousers and sweatshirt) Forearm blood flow was 
measured again, following this the subject was instrumented for the contact cooling 
exposure The contact cooling exposure was repeated 3 times for each material (see 
sectiOn 2 8) and at the end of the session, forearm blood flow was once again 
measured 
2 6 2 Expenment 2 
Upon arrival the subject was instrumented for the measurement of core (internal) 
body temperature and mean skm temperature Core (mternal) body temperature was 
measured using a rectal thermistor, inserted to a mimmum depth of 1 Ocm Mean skm 
temperature was measured using skin thermistors at four measurement sites shoulder, 
tncep, thigh and calf All thermistors were recorded on an 8-bit GRANT squirrel data 
logger 
Once instrumented, the subject's pre-experiment forearm blood flow was measured 
usmg an EC4 Hokanson SGP mercury strain gauge plethysmograph Five 
measurements were taken and saved to a PC over a 5 mmute period (See chapter 2 
for details) Upon completiOn of the blood flow measurement, each subject, at a 
clothmg insulation of approximately 0 3clo (cotton underwear, socks, shorts, trainers 
and t-shirt), was required to cycle on an ergometer for a mimmum of 30 minutes at an 
approximate metabolic rate of 180Wm"2 (mean 178±7Wm"2) in a hot room Mean 
environmental conditions of this test room were T. = 37 1 ± 2 2°C, Rh = 42 5 ± 
7 8% Once a rectal temperature of 38 0°C was reached, the subject was seated m the 
middle of the room and forearm blood flow was measured again Five measurements 
were taken and saved to a PC over a 5 minute period (See chapter 2 for details) 
Upon completiOn of the blood flow measurement the subject was instrumented and 
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performed the contact cooling exposure usmg the cool-box equipment Situated m the 
same room (see 2 8 for detmls) After completion of the contact cooling exposure, the 
subject cycled for a further I 0 mmutes The blood flow measurement and contact 
cooling procedure was repeated followed by another I 0-minute cycling penod, 
another blood flow measurement and a third contact cooling exposure 
2. 7 Occluded blood flow state procedure 
2 7 I Expenment I 
Upon arrival, each subject sat in a test room with a standard clothmg insulation of 0 4-
0 5clo (cotton underwear, socks and t-sh1rt, Jeans and trainers/shoes) and at nonnal 
room temperature (Ta = 19 1 ± 1 2°C, Rh= 33 1 ± 2 0%) The subject's non-dominant 
arm was elevated above heart level for 3 0 seconds, after wh1ch a blood pressure cuff 
placed around the wrist JUSt below the styloid process of the ulna, inflated to 
200mmHg to stop all blood flow to the hand The cold contact exposure procedure 
was perfonned as described in section 2 8, upon conclusion of which, the cuff was 
deflated The procedure was perfonned 3 times in total 
2.7.2 Expenment 2 
Upon amval, each subJect was mstrumented in an identical way to that in section 2 6 
Act1vity procedure was also identical to that descnbed in section 2 6 and was 
performed in sim1lar mean environmental condition T. = 38 2 ± 2 1 °C, Rh= 41 1 ± 
6 9% Once a rectal temperature of38 ooc was reached, the subJect was instrumented 
for the contact cooling exposure Before cold contact exposure, the subject's non-
dommant hand blood content was emptied v1a exsanguination by elevating the arm at 
a 180° angle After 2 minutes of elevatiOn, the blood flow to the hand was occluded 
usmg a blood pressure cuff secured on the wr1st just below the styloid process of the 
ulna, inflated to 240mmHg Upon conclusion of the contact cooling procedure (as 
detailed in section 2 8) the occlusion cuff was deflated The act1vity reg1me was 
repeated as descnbed in section 2 6 with the occlusion procedure bemg perfonned 
prior to each of the 3 cold contact exposures 
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The essential difference between expenment 1 and 2 IS therefore that in experiment 2 
all conditiOns were equal except for the actual occlusion, whereas m expenment 1 the 
subject was not "pre-heated" m the occluded condition 
2.8 Cold contact procedure 
Once instrumented, subjects were asked to touch with the 1 '1 phalanx of the index 
finger of the non-dommant hand, a particular matenal block with the desired contact 
force (2 9N for experiment 1, 0 SN for experiment 2) at the specific test temperature 
They continued to touch the block until one or more of the withdrawal cnteria was 
met, upon which the subject withdrew thetr hand from the cool-box The contact 
temperatures that occurred during the exposure were saved to a PC at a sample rate of 
5Hz (one readmg every 0 2 of a second) In order to mmimise deviation in starting 
skin temperatures the hand was thoroughly re-warmed before the next exposure could 
be conducted Thts was achieved by etther immersmg the hand (gloved) in a warm 
water bath (no warmer than 25°C) - this method was used after longer or very cold 
exposures, typtcally when nylon was tested, or placmg the hand under the armpit -
generally after testmg metals 
2.9 Calibration 
Note See Chapter 2 for specific details 
All of the thermocouples used for the study were calibrated using the techntque 
descnbed m Chapter 2 The deviation of the thermocouples from the Bruel & KJrer 
calibration sensor was minimal for all stable temperatures, thts was also the case for 
changmg temperature All of the thermocouples used in the study were found to be 
accurate when calibrated Time constants of the sensors were also checked and 
recorded for changing temperature Withm the range that the sensors were used 
2.10 Statistics 
The data collected was analysed using analyses of vanance and eo-variance studying 
the relationships between individual parameters and the skin cooling occurring All 
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analyses was performed usmg the statistical software package SYSTAT 8 0 (Systat 
Inc , Evanston, IL, USA) For sigmficance, p$0 05 was accepted 
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3a. ResuJts- Experiment 1 
3a.l F inger skin cooling responses 
In order to determine the appropriate method for analysis of the contact cooling, the 
starting finger skin temperatures (T0) before exposure were scrutinised. The range of 
these values for the 89 cooling exposures recorded was between 23. 1 °C and 37.1 °C 
(mean: 28.0 ± 4.3°C). Mean starting finger skin temperature was 26.3 ± l.3°C for the 
occluded condition, compared to 33.7 ± l.6°C for the free flow condition. An 
ANOVA with a post-hoc test of using the interaction of"condition" with "subject" as 
the error term showed that there was a significant difference in starting skin 
temperature between the two blood flow conditions (p<O.OOl). 
0 
0 1 0 20 30 40 50 60 70 
Time (secs) 
AT = (To- Tt) 
T c(t): contact temperature at time t 
Tr: final skin temperature 
T( time constant for cooling process in part A 
A: proportion of curve dominated by T1 
To : starting skin temperature 
t cold exposure time 
T2: time constant for cooling process in part B 
B: proportion of curve dominated by T2 
Figu re 3a.l. A cliagram describing modified Newtonian cooling curve 
The variability found in T0 between blood flow conditions could affect the times to 
reach marked or representative thresholds, therefore a time-based analysis was not 
used. The analysis method selected aJlowed the variability in T0 to be accounted for 
CHAPTER 5 - Blood flow 146 
------- ·------------------------------
by fittmg a mathematical model to each separate coohng curve The model used was a 
modified Newtonian coohng curve (Molnar, 1971, Molnar et a/ 1972)- a function 
descnbing the skin coohng as a 2"d order exponential decay, with the curve being 
treated in two stages ( Chen et al. 1992, 1994) Stage A, bemg dominated by one time 
constant ( 1:1), and stage B bemg dominated by a second time constant ( 1:2) (See figure 
3a 1) 
All modelling was performed usmg the statistical software package SYSTAT 8 0 
(Systat Inc, Evanston, IL, USA) 
3a.2 Derived cooling curve parameters 
To (starting skin temperature immediately before touching) was denved for each 
mdtvtdual coolmg curve pnor to analysis 
The modelling process therefore characterised each curve wtth five parameters A, B, 
1:1, <2 and also predicted Tr for each exposure The mean values of these parameters 
for the occluded and free-flow condition for both the stainless steel and nylon 
exposures are detailed in Table 3a 1 
Table 3a.l. Indtvtdual equation parameters for occluded and free-flow condttton for 
finger contact with stainless steel and nylon 
Parameter BF Condition -5°C SS -5°C NY 
't] Occluded 1 79±0 73 3 13±1 43 
't] Free 1 66±1 16 2 53±1 86 
't2 Occluded 19 33±8 77 382 2±151 3 
't2 Free 16 23±9 04 347 6±136 1 
A Occluded 0 59±0 11 031±011 
A Free 0 60±0 18 0 37±0 13 
B Occluded 0 29±0 11 0 59±0 06 
B Free 0 39±0 09 0 56±0 09 
Tr (°C) Occluded -0 37±0 95 4 67±3 57 
Tr(°C) Free 046±0 99 7 41±3 72 
R-sq Occluded 0 988 0 991 
R-sq Free 0 992 0 973 
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Effect of blood flow 
Forearm blood flow measurements taken during the free-flow condition showed that 
peripheral cutaneous vasodilation was occurring due to the exerc1se performed in the 
climatic chamber (Ta = 34 6°C, Rh = 32%) On arrival, strain gauge plethysmography 
readmgs showed a mean percentage increase of 5 29 ml min-1 1 00ml"1, compared to a 
mean readmg 14 01 m! min-1 100ml"1 after thermal chamber exerc1se and 12 89 ml 
mm·' 100ml"1at the end of the sessiOn 
An analysis of variance (ANOV A) was performed on the finger skin cooling data for 
both stainless steel and nylon companng the contact cooling responses under 
occluded and free-flow conditions A post-hoc test was earned out by treating 
"subjects" as a random factor, the main fixed effect of "BF conditiOn" was tested 
agamst its interactiOn w1th "subjects" - using the mteraction as the error term For 
significance, p$0 05 was accepted 
No s1gnificant d1fferences were found between the occluded and free-flow responses 
for any of the equation parameters for stainless steel or nylon 
An overall analysis of vanance (ANOV A) was also performed usmg the data from 
both conditions together No sigmficant differences were found between the occluded 
and free-flow finger skm cooling responses for any of the equation parameters 
However, all equation parameters were found to be significantly d1fferent when 
compared between material (p<O 001 ), With Nylon bemg dominated by a larger 
second time constant and stainless steel being dominated by a smaller first time 
constant P-values denved for all equation parameters after post-hoc test are deta1led 
in Table 3a 2 
Dif.ferences between r1 and r2 
For both blood flow conditions and both materials, 1t was found that t1 was 
s1gmficantly shorter than t 2 (p<O 00 I) 
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Table 3a.2. P-values from companson of occluded and free-flow equation parameters 
Parameter 
-5°C ss -5°C NY Overall 
li 0 975 0 525 0 541 
12 0 760 0 508 0495 
A 0 871 0476 0 568 
B 0 081 0 536 0 315 
Tr 0 179 0 152 0 147 
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3b. Results- Experiment 2 
3b.l Whole body thermal state in response to exercise 
Each participant exercised for at least 3 0 minutes on an cycle ergometer m a mean 
ambient air temperature of37 7°C and at a mean metabolic rate of 178±7Wm-2, which 
is classed as "moderate work" (Parsons, 1993) The body thermal response of the 
participants in terms of rectal and skin temperature is detailed m Table 3b 1 
Table 3b.l. Mean body thermal response to exercise 
ConditiOn Run 
oc 
Tr Shoulder Arm Thigh Calf 
Base 37 1±0 2 34 6±1 3 34 0±0 5 33 9±0 8 34 4±2 4 
Occluded 1 38 0±0 1 36 7±0 6 36 4±0 6 37 3±0 7 37 3±0 6 2 38 1±0 3 36 9±0 7 36 6±0 6 37 4±0 7 37 6±1 2 
3 38 2±0 2 37 1±0 6 36 5±0 5 37 3±1 1 37 7±0 8 
Base 37 1±0 3 34 9±0 8 34 3±0 9 33 8±1 0 33 8±0 8 
Free-flow 1 38 0±0 2 36 8±0 7 36 4±0 6 37 2±0 9 36 5±1 1 2 38 1±0 2 36 5±0 7 36 4±0 8 37 1±0 6 35 9±0 6 
3 38 3±0 2 36 9±0 6 36 4±0 5 37 2±0 8 35 9±0 9 
An analysis of variance (ANOV A) showed that rectal temperature (Tr) and all skin 
temperature site measurements were found to be sigmficantly higher after exercise 
(p<O 001) No significant difference was found in any of the temperature 
measurements between repeated run order number, nor between the two conditions 
(p<O 05) 
3b.2 Blood flow measurements 
Mean forearm blood flow measurements for the free-flow condi!lon are detailed in 
Table 3b 1 
An analysis of variance (ANOV A) showed that forearm blood flow increased 
sigmficantly in response to the initial 30-mmute exercise regime and was found to 
remam elevated throughout the sessiOn, with no sigmficant difference in blood flow 
rate occumng due to the repeated run order number (p=O 88) 
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Table 3b.2. Mean forearm blood flow measurements for free-flow condition 
Condition Run ml min·' 100ml"1 
Base 3 70 
Free-flow 1 16 27 2 16 82 
3 16 02 
3b.3 Finger skin cooling responses 
In order to determine the appropriate method for analysis of the contact cooling, the 
starting finger skin temperatures (To) before exposure were scrutinised The range of 
these values for the 34 cooling exposures recorded was between 32 5°C and 37 8°C 
(mean 36 1 ± 1 1 °C) Mean startmg finger skin temperature was 35 7 ± 1 6°C for the 
occluded condition, compared to 3 6 5 ± 0 7°C for the free flow condition An 
ANOVA w1th a post-hoc test of using the mteraction of"cond1tion" w1th "subject" as 
the error term showed that there was no significant difference in startmg skm 
temperature between the two conditions (p=O 205) 
For the purpose of determmmg the appropriate data analys1s method the coohng 
responses were plotted and their shape were studied It became apparent that there 
was a fundamental difference m shape between the coohng curves plotted for the free-
flow conditiOn and those for the occluded conditiOn There appeared to be a re-
warming of the finger skin towards the end of the exposure for free-flow cond1tion 
resulting in the "tail" of the coohng curve rismg upwards For the occluded condition, 
the shape of the curve was Newtoman (Molnar et al. 1971, 1972), with the "tail" of 
the curve contmumg to drop m temperature An example of the two types of curve 
shapes IS shown in figure 3b 1 
Analys1s using the comparison of curve parameters derived from a mathematical 
representation of the coohng responses w1th a Newtonian coohng model was not 
appropnate due to the fact that the cooling occurring for the free-flow condition was 
not Newtonian The startmg finger skin temperatures for the free-flow and occluded 
conditions were not significantly different and therefore the analysis method selected 
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for the purpose of comparing the cooling responses for the two conditions was a 
temperature analysis method. 
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Fig 3b.l. Mean cooling curve response for subject 4 
under occluded and free-flow conditions 
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FREE 
Tbe points selected for the temperature analysis were chosen in order to ensure that 
all parts of the cooling process were studied. These times were 20, 40, 60, 120 and 
l80 seconds(T2o, T4o, T6<1. T1zo, T1so). 
For the purpose of the derivation of contact temperatures for exposures that did not 
reach all of the times used for analysis, extrapolation was perfonned using linear 
regression of the last 20 seconds of data for the free-flow condition and a second-
order Newtonian cooling model for the occluded condition (Chen et al. 1992, 1994). 
Both methods of representing the data from the given conditions were upon 
inspection, considered to be sufficiently accurate. The R-squared values for the linear 
representation of the last 20 seconds of rree-flow responses had an average of 0.689. 
The r-squared values for the Newtonian cooling model of the occluded finger skin 
cooling responses had an average of0.979. 
All analysis and modelling was performed usmg the statistical software package 
SYSTAT 8.0 (Systat Inc., Evanston, fL, USA). 
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Fig 3b.3. An example of extrapolation 
of cooling response from free-flow 
conditjon using linear regression 
Temperature analysis was performed on each curve collected from each of the three 
trials for each subject under each condition. The mean contact temperatures for each 
temperature analysis point for each subject are detailed in Table 3b.3. Extrapolation 
was required for the derivation of32 of the 170 temperature analysis temperatures. 
It can be seen in Table 3b.3 that a difference between the free-flow and occluded 
finger skin cooling response becomes apparent after only 20 seconds of contact and 
this difference becomes greater with time. The re-warming effect towards the end of 
the free-flow condition is indicated by the rise in mean contact temperature between 
120 and L 80 seconds for all 6 subjects. 
Effect of Blood flow 
An analysis of variance (ANOV A) was performed on the data for each of the 5 
temperature analysis points (T2o, T4o, T6o, T120, T,so) collected from all trials for all 
subjects in order to determine any significant difference in cold contact response due 
to blood flow. A post-hoc test was carried out by treating "subjects" as a random 
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factor, the main fixed effect of "condition" (occluded or free-flow) was tested agamst 
Its interaction with "subjects"- using the interaction as the error term 
Table 3b.3. Mean contact temperatures for each temperature analysis pomt T2o, T40, 
T6o, T12o, TI8o (finger-pad contact temperature after 20, 40, 60, 120 and 180 seconds) 
Astensk (*) and accompanying number representmg the number exposures requiring 
extrapolation (maximum of3) for analysis point before mean was calculated 
Subject Condition T2o eq T4oeC) T6o (°C) TI20 (°C) TI80 (°C) 
1 Occluded 51 35 30 2 7*' 2.6*2 
1 Free-flow 6 43 41 41 49 
2 Occluded 43 29 1 9 1 2*2 0 7*3 
2 Free-flow 53 40 32 29 42 
3 Occluded 79 53 36 1 6 0 4*3 
3 Free-flow 81 57 52 30 4 4*1 
4 Occluded 76 44 34 2 0*2 1 8*3 
4 Free-flow 78 58 52 58 6 5*1 
5 Occluded 67 48 3 4*1 2 6*1 2.4*3 
5 Free-flow 88 68 49 55 59 
6 Occluded 56 38 3 2*1 2 4*2 1.9*2 
6 Free-flow 59 45 47 57 6 7*2 
Mean Occluded 6.3±2.3 
4.2±1.8 3.1±1.4 2.0±1.2 1.5±1.4 
Free-flow 6.9±2.5 5.2±2.2 4.5±2.0 4.4±2.3 5.4±2.3 
Dtfference 
- 08°C 1 0°C 1 4°C 2 4°C 3 goc 
The results of the ANOVA are presented in Table 3b 4, showing p-values below 0 05 
for all conditions Given that the five time pomts are derived from the same curves, 
one may argue that the acceptable sigmficance level requires a Bonferrom correctiOn 
For these comparisons a conservative approach would lead to a required p-value of 
0 01 for significance Based on this value, no sigmficant difference was found 
between T 20 skm temperatures recorded for the occluded and free-flow condition 
Skin temperatures for the free-flow condition were found to be significantly warmer 
than those of the occluded condition for T40, T60, TI2o and TI8o skin temperatures 
Effect of repeated run order 
No significant effect of repeated run order was found for any of the temperature 
analysis pomts for either occluded or free-flow conditions (p<O 05) 
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Table 3b.4. P-values from comparison of contact skm temperatures after 20, 40, 60, 
120 and 180 seconds from occluded and free-flow condttion Significance denoted by 
asterisk (*) 
T2o T4o T6o Tuo Ttso 
p- 0 032 0 004 0 001* <0 001 * <0 001 * 
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4a. Discussion - Experiment 1 
The modified second-order Newtonian cooling model used for the analysts was a very 
accurate mathematical model for the data obtamed An almost perfect fit to the 
observed values was obtained for both materials under both occluded and free-flow 
conditions, thts is reflected in the overall adjusted R-squared values of 0 988 and 
0 992 for stainless steel and 0 991 and 0 973 for nylon 
The time constant derived from the model would appear to describe dtfferent aspects 
of the cooling process and this is shown by the htghly stgnificant dtfference between 
the two for both materials The first time constant (tt) was short, and this represents 
the cooling of the very superfictal eptdermal layer and pnmanly thermocouple 
dynamtcs (Chen et al. 1994) The second time constant (1:2) was longer, representmg 
the coohng of the deeper dermal layers of the fingerttp For stamless steel, the coohng 
process was overall a lot quicker and was dommated to a greater extent by the shorter, 
first time constant, thts ts reflected in the value of parameter A being greater for both 
blood flow conditions The larger thermal penetration coefficient of stamless steel 
elictted a faster skm cooling response, m companson to nylon, where the cooling 
process was constderably slower It can be seen that both the first and second time 
constant for nylon were significantly longer and that the overall coohng process was 
dommated to a greater extent by the very long second time constant This effect of 
matenal upon the equation parameters is supported by the findings of Chen et a/ 
(1992, 1994) where wood, nylon and steel had a sigmficant effect upon the finger skm 
coolmg process 
It was found that there were no stgnificant dtfferences in the cooling responses of the 
finger-pad of the mdex finger of the non-dominant hand between the occluded and 
free- flow condttlon m this study for contact with both stainless steel and nylon 
However, a number of discussiOn pomts can be raised in terms of the methodology 
used m this study and whether particular aspects could have potentially masked any 
effects of blood flow upon the finger skin coolmg responses 
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Considering the two stages of the cooling process as discussed above, no differences 
were anticipated in the first time constant between the occluded and free-flow 
conditiOn The short first time constant (I 7 to 3 2 seconds) represents primanly 
superficial cooling of the ep1dennal layers, the maJority of these layers are non-
vascularised and therefore any heat input due to blood flow is expected to be mmimal 
However, the longer second time constant (16 to 382 seconds) represents the cooling 
of the deeper dennal layers, all of which are richly vasculansed with capillary loops 
immediately under the epidermal layer and networks of arterioles m the deeper layers 
(Baran et a/ 1994) Surprisingly, this particular part of the coohng process was also 
found not to be sigmficantly affected by the two blood flow conditions tested in this 
study A possible cause for this could be due to the force of the finger-pad on the 
contact matenal restnctmg the blood flow of the finger skin tissue 
The effect of pressure apphed to the fingertip on the blood flow through the fingertip 
IS discussed by Mascaro et al. (2001), who reports that forces between 0 3 and IN 
progressively restrict the venous return of blood in the fingertip As touch force 
reaches IN, the veins of the fingertip are comletely blocked and further mcreases in 
touch force to a limit of approximately 4N begms to push all blood out of the tip of 
the finger resulting in a w1demng white band at the front of the na1l This effect of 
touch pressure is also apparent for the skm of the finger-pad Figure 4a I shows the 
effect of a gradual m crease of pressure upon the visible blood supply to the skin of the 
finger-pad with an increasmg white colouration of the contact skin area with pressure 
Holmer et a/ (200 I) reported that a higher finger pressure level gives a more rapid 
rate of finger skm coohng on the cold surfaces of alumimum and nylon at -4, -I 0 and 
-I5°C and the trend was stronger for the cold surfaces of metals such as alumimum, 
compared to the non-metals (nylon) Geng et a/ (2000) found that sigmficant 
differences were found between the finger-pad contact coohng response between 
force levels of 0 98N, 2 94N and 9 81 N With cooling rate increasmg with pressure, 
she attributed this to finger blood flow reducing or even stopping with higher pressure 
levels From this literature it becomes apparent that the finger contact force level used 
for contact in this particular study (2 9N) may have restncted the blood supply to the 
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skin area being cooled. It is especially Likely that the vascularised layers that are 
closest to the skin surface, those supplied by capillary loops, may have been occluded. 
Approximate contact force levels 
<O.SN 1-2N 2-JN 3-SN 8- ION 
Finger contact force increasing 
F igu re 4a .l . Visible effects of approximate finger contact force levels upon the 
blood supply to the skin of the finger-pad of the index finger 
Blood pressure in humans is typically 35mmHg at the start of the capillary network 
and reduces from 35mmHg to around 18rnmHg as the blood moves through the 
capillary beds towards the venous system (Martini, 1 998). More specifically for the 
fingertips, blood pressure in human nailfold capillaries has been found to be 18-
19rnmHg at rest and unaffected for short periods of exercise, suggesting the presence 
of a protective mechanism minimising the transmission of increases in systemic blood 
pressure to this capillary bed (Shore et al. 1993). Hahn and Shore (1994) found that 
local rapid cooling of the fingertip caused a trend of reducing mean capillary blood 
pressure of the nailfo ld from 16. 7mmHg to 15.1 mmHg. Despite the assumption that 
pulse pressure is not present at the capillary level, observations by Mahler el a/ ( 1979) 
have suggested that blood pressure in the human skin capillaries is pulsatile and 
subject to remarkable fluctuations with systolic pressure ranging from 14 to 71 mmHg. 
Mean capillary pulse amplitude has been reported to be 5.3mmHg at rest, but 
significant ly decreases to a minimum of 3.7mmHg during rapid local cooling. 
Capillary blood pressure significantly increased to a maximum of 20.9mmHg during 
the re-warming stage after 5 minutes of loca l rapid cooling (Hahn and Shore, 1994). 
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For the purpose of companng the capillary blood pressures reported in the literature 
above, to the pressures exerted by the finger contact force in the present study, the 
actual pressure of the contact area of the fingertip of the participants used in the 
present study was calculated This was achteved by dividing the finger contact force 
(approximately 3N) by the finger contact areas (see Table 2 2) The approximate 
value for this was calculated as 12000 Nm-2, whtch can be converted to 90mmHg 
This far exceeds any of the captllary blood pressure values reported in the literature 
and thus suggests that blood supply to the finger-pad may be interfered 
Further aspects of the experimental protocol may have masked any potential 
dtfferences between contact cooling response of the occluded and free-flow hand 
Havenith et a/ (1992) found that a change in starting skin temperature affected the 
shape of a first order Newtoman cooling curve Whilst thts problem was suggested to 
be addressed by the usmg a two time constant Newtonian equation (Chen et al. 1994), 
such a great dtfference in startmg skin temperatures between the two blood flow 
conditions m the present study could affect the shape of the subsequent cooling 
curves This problem could be addressed by heatmg the participant m both cases, 
occluded and free-flow, thus gtving simtlar pre-test skm blood flows and startmg 
finger skin temperatures 
Blond and Madsen (2000) found that elevation of the upper limb was required for at 
least half a minute for a 45% mean reduction in blood volume caused by 
exsanguination Warren et al. ( 1992) reported that advtce wtthin the literature 
regarding duration and angle of arm elevation required for the emptymg of blood of 
the arm is confusmg with recommendations rangmg from 20 seconds to 5 mmutes 
Even as far back as 1864, investigations accompanymg the inventiOn of the 
tourniquet recommended that the limb should be elevated for 4 mmutes before 
tourmquet application in order to cerate a bloodless surgical field Warren et al. 
(1992) studted volume changes of the upper limb and found that for maximal 
exsanguination an arm elevation at 90 degrees for 5 minutes is recommended The 30 
-
seconds elevation in the present study is considerably shorter than the majority of the 
duration suggested in the literature It is conceivable that occlusion after 30 seconds of 
elevatiOn may result in considerable pooling of warm blood in the finger which could 
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mask any differences in blood flaw effects on cold contact due to heat mput from 
pooled blood slowing the contact coohng process 
Kerslake (1949) suggested that an arterial occlusion cuff should be applied to the 
wnst and inflated to a pressure of 240mmHg in order to occlude hand circulation It is 
possible that desptte the occlusiOn cuff in the present study being mflated to 
approximately 200mmHg dependmg upon the resting systolic blood pressure, It IS 
conceivable that a certain degree of leakage of blood under the occlusion cuff into the 
hand may be occurnng during the occluded condition Aspects to be considered when 
selectmg an occlusion pressure mclude the fact that whtlst higher pressures may 
confer greater safety, discomfort is also related to pressure However, the duration of 
cuff application is relatively short for this work and generally a pressure 50-100 
mmHg above the pulse occlusion pressure is recommended Some advocate a pressure 
of 200-260 mmHg for upper limb (2 5 times the systohc) (Dhar, 2001) The highest 
systohc blood pressure m the present study was 138 mmHg, 62 mmHg below the 
occlusion pressure used (200 mmHg) Thts should have been sufficient to occlude 
blood flow for all cases, however it may be constdered that an occlusion pressure of 
approximately 240 mmHg should be used m order to ensure blood flow occlus10n for 
all partiCipants in future studtes 
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4b. Discussion- Experiment 2 
Given the expenence of experiment I, this experiment was designed to prevent some 
of the methodological problems that complicated the mterpretat10n of the data of the 
first experiment Ftrstly the participant was warmed up by heat and exercise in both 
conditiOns giving the same pre-experiment skin blood flows and same pre-experiment 
startmg skin temperatures Secondly, though one may conclude from experiment I 
that skm blood flow is hardly relevant at skin pressures common in the field (1 e 
~I ON), 1t was deemed appropriate to investigate its potential effect at low, non-
occludmg skin pressures For this purpose, a pressure of 0 SN was chosen which 
should allow capillary perfusion 
4b.l Body thermal state and blood flow 
To create the same startmg conditions, body temperature was used as a cnterion 
Rectal temperature was preferred to ear canal temperature as a measurement of core 
body temperature Gass and Gass (1998) found that rectal temperature had little 
deviation from esophageal temperature suggestmg that it was a suitably accurate 
method of measunng core body temperature during exercise The suitab1hty of usmg 
rectal temperature as a measurement of core temperature was supported by Muir et al. 
(2001) who found that aural temperature measurement showed considerable variation 
when compared to rectal temperature, With rectal temperature being found to provide 
supenor accuracy 
Mack et a/ (2001) reported that a core temperature elevatiOn of 0 31±0 10 oc 1s 
required during exercise m order to elicit active cutaneous vasodilation Actual core 
temperature values for the onset of active skin vasodilation during exercise were 
found to be between 37 20 and 37 48°C (Kenny et al. 1997) Kenny et al. (2000) 
found that post-exercise vasodilation thresholds were found to be 0 49°C higher than 
those during exercise The mean rectal temperature of the participants in the present 
study for each run was above 3 8 0°C and therefore suggests that active skm 
vasodilation was present, mean increase in rectal temperature from resting baseline 
value was 0 9±0 I oc which also supports the notion that active skm vasodilatiOn was 
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present This was supported by the forearm blood flow measurements taken for the 
free-flow condition, where stram gauge plethysmography readings showed a mean 
values of 16 27, 16 82 and 16 02 ml min-1 100mr1 over the three runs, compared to a 
basehne reading of 3 70 ml min"1 1 oomr1 Blood flow increased significantly after 
exercise and no effect of run was apparent ensunng that there were no effects due to 
the elevation of post-exercise vasodilation thresholds 
During the occluded cond1tion, a 2-mmute arm elevatiOn period followed by the 
inflatiOn of an occlusion cuff to 240mmHg appeared effective m eliminatmg both the 
presence of the pooling of warm blood m the hand and the presence of blood flow to 
the hand The hand appeared pale in colouration on the skm surface Only minimal (1f 
any) discomfort was expenenced by the part1c1pant 
4b.2 Finger skin cooling responses 
There was a fundamental difference found between the shape of coohng for the 
occluded and free-flow cond1t1ons The occluded condition repeatedly showed 
Newtonian cooling, however the free-flow cond1tion repeatedly showed a re-warming 
response of the finger skm m the latter stage of contact (between 120 and 180 
seconds) A degree of noise was apparent in the contact cooling recordmgs for both 
cond1t10ns, this is attributed to the light finger contact force used (0 SN) Despite this, 
both extrapolation methods used were proven to be accurate in denving temperature 
analysis points beyond those recorded for certain subjects Th1s was reflected in the 
h1gh mean adjusted R-squared values for both conditions This value was lower for 
the hnear extrapolation of the free-flow condition, but was considered acceptable as 
scatterplots before extrapolation showed a linear increase in temperature over the last 
20 seconds for the vast majority of cases The total number of extrapolations reqmred 
(32) from the 170 temperature analysis points collected also shows that overall 
dependence of the analysis on the extrapolated pomts was minimal The only 
exception of this was for the T 1so temperatures where 20 of the 3 6 pomts derived were 
from extrapolation However, significant differences between the contact temperature 
of the two blood flow conditions were apparent at times before 180 seconds (i e 40, 
60, 120 seconds) 
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The effect of blood flow upon the finger skm cooling process was apparent using the 
temperature analysis point method employed for this study Contact temperature after 
20 seconds (T2o) were not sigmficantly affected by blood flow condition Thts is 
attributed to the fact that dunng this initial period of contact, primarily superficial skin 
cooling ts occurring The superficial skin layers are located m the epidermis and are 
not vascularised However, a trend was already vistble 
Contact temperature after 40, 60, 120 and 180 seconds were all found to be 
significantly affected by blood flow condition It appeared that heat input from blood 
flow m the fingertip provided a greater amount of heat to be transferred away from 
the finger skin to the surface of the contact material, resultmg in a re-warmmg effect 
of the contact material after approximately 120 seconds of exposure Tlus was not a 
cold-mduced vasodilated (CIVD) response as no cyclic function was apparent The 
lack of heat input from blood flow during the occluded condition facilitated continued 
skm cooling This effect of blood flow is congruent with the findmgs of Chen et al. 
(1994) who found that despite finger skm cooling remaining Newtonian under a 
"body warmmg" condition, the second time constant of the finger skin contact coohng 
process and predicted final skin temperature after an mfinite amount of time was 
significantly affected However, their "body warming" condition merely consisted of 
a moderate 3-mmute step test at 30°C ambtent air temperature, insufficient to ehctt 
acttve cutaneous vasodilation and therefore not affectmg the shape of the finger skin 
contact coohng process as in the present study 
The modifications to the experimental protocol in the present study to those used in 
expenment 1 of this chapter apparently facilitated the observation of the effect blood 
flow upon fingertip contact cooling However, as only one matenal was tested at one 
temperature, this provides data at only one coohng speed Different coohng speeds 
provtde dtfferent thennal gradtents throughout the fingertip It ts conceivable that 
finger blood flow could affect contact cooling in different ways at different thennal 
gradients due to the state of blood flow in the vascular structures at various depths 
throughout the fingertip The data from the present study gives us hmtted information 
regarding the effect of blood flow on contact cooling However, the apparent effect of 
finger contact force upon the capillary blood supply of the fingertip and subsequently 
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finger skm cooling when comparing experiment I and expenment 2 of this study, 
provides a basis on which an argument can be formed 
It was previously stated in experiment 1 that the resultant fingertip pressure occurring 
due to a 3N finger contact force may restrict the capillary blood supply of the finger-
pad The hghter finger contact force of 0 SN used in experiment 2 was found to 
provide an actual fingertip pressure of 15 2±2 4mmHg which IS JUSt below the 
capillary pressure of males reported m the literature (18 1±2 3mmHg, Shore et a! 
1995) It can be deducted from this and from the observations that capillary blood 
supply was not obstructed in expenment 2 However, the question is now asked, is It 
the heat input from the blood flow to these capillaries that affects the finger-pad cold 
contact response, or could it be due to heat input from the blood supply of the deeper 
vascular structures of the finger-pad? This question can be tentatively answered by 
once agam comparing the responses of expenments 1 and 2 A mean fingertip 
pressure of 90mmHg was calculated for expenment 1 which IS far above any capillary 
blood pressures reported in any literature, this is compared to a mean fingertip 
pressure of 15 2±2 4mmHg m expenment 2, which is sufficient to allow capillary 
pressure This suggests that It is the presence of capillary blood flow that affects 
finger-pad contact coohng However, a recent study by Johansson et al. (2002) shows 
that a pressure of21kPa (157mmHg) is required to reduce the blood flow of the distal 
phalanx of the index finger by 50% of the normal value and a pressure of 40kPa 
(300mmHg) IS required to reduce blood flow by 85% Although these pressure levels 
seem awkwardly high, this suggests that finger-pad blood flow may not be as reduced 
as 1mtmlly antiCipated in expenment 1 due to the finger contact force of 3N 
(90mmHg) If this IS that case, differences in contact cooling between experiment 1 
and expenment 2 may be due to other aspects of the experimental protocol being 
altered for experiment 2 such as an Improved occlusion technique or a result of equal 
starting finger skm temperature 
The fact remains that blood flow does have an effect upon finger-pad contact coohng, 
however it is unclear whether this is a result of blood flow near the surface of the 
finger-pad (which is affected by local factors such as finger contact force), or a result 
of whole body thermal state governing the blood supply of the hand and finger As a 
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whole thts would be dependent upon the depth at which blood supply affects contact 
cooling 
J ohansson' s values must be treated with caution when considering them in the context 
of the applicatiOn of this study - short-term accidental cold contact Johansson's 
values could be relating to the blood flow of the deeper dermal layers, if this IS the 
case then blood flow at this level wtll have minimal influence on the contact cooling 
response over the relatively short penod tested in thts thesis (~3 minutes) 
It ts logical to state that the depth of tissue occluded by finger contact pressure wdl 
increase with finger contact force, It is only when the cooling of the skin has 
penetrated the skin layers that contain blood flow, that differences in blood flow Itself 
due to whole body factors (such as thermal state etc) can have an effect upon the 
contact cooling process The speed at which these layers containing blood flow are 
reached is dependent upon the rate of cooling ehcited by the thermal penetration 
coefficient and surface temperature of the material touched If thts cooling rate is 
excessively fast, slan freezmg will occur before the dermal layers containing blood 
flow are reached due to a htgh thermal gradient If the coohng rate ts excessively slow 
the dermal layers contaimng blood flow wtll not be reached dunng the short penod 
apphcable for short-term coohng There is therefore a "wmdow" within which whole-
body factors govermng peripheral blood flow can have an effect upon short-term 
contact cooling Thts "window" is dependent upon the cooling rate elicited by the 
conditions and finger contact force It cannot be identified accurately using the data 
collected in the present study However, as the application of this work considers 
contact duration not exceeding 3 minutes, it is predicted that this "window" IS at its 
greatest at finger contact forces that facilitate capillary blood flow near the skin 
surface (<1 ON) As finger contact force increases, the rate of cooling ehctted by the 
conditiOns is requtred to increase in order to allow contact cooling to be mfluenced by 
the heat input of blood flow whtch is now occurring at a deeper level At a particular 
finger contact force threshold, the dermal layers containing blood flow will be too 
deep for the short-term contact cooling to be influenced by its heat input, the 
"window" is now closed Thts finger contact force threshold will also be dependent 
upon other factors such as finger size, epidermal tluckness etc This threshold value is 
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predicted to be approximately 2-3N but could be considerably greater If the pressure 
values affectmg blood flow m the study by Johansson et al. (2002) relate to blood 
flow near the skin surface of the finger-pad and not the deeper dermal layers as 
assumed This is however, deemed to be doubtful 
The findings of the present study are m agreement with the findings of Holm er et al. 
(2001) and Geng et al. (2000) who found that finger-pad contact cooling rate 
mcreases with finger contact force It must be considered however that the effects of 
finger contact force of finger-pad contact cooling are not merely due to a consequence 
of a change m blood flow It has been found (laboratory study 1 and 2) that an 
mcrease m finger contact force leads to an increase m finger-pad surface area m 
contact with the touched material, and m the initial contact coohng phase this has a 
s1gmficant effect upon skin coohng for both sexes, with a greater contact surface area 
promotmg greater heat transfer from the finger -pad to the material surface However, 
at low finger contact forces that allow a certain amount of capillary blood flow near 
the skm surface of the finger-pad (::::1 ON), peripheral blood flow which is governed 
by non-local, whole-body factors will have an effect upon contact cooling Therefore 
this IS relevant when cons1denng the contact cooling responses as a function of body 
thermal state, gender, age and especially sufferers of circulatory disorders e g 
Raynaud's syndrome It must be considered when discussing the application of the 
findings of the present study that the blood flow levels tested were vastly different 
(1 e 15%rnin'1 versus no blood flow) whereas the differences in blood flow levels 
encountered between Raynaud's sufferers for instance and the healthy population (at 
rest) would not be so great (1 %mm·1 versus 2-3%min'1) It is unlikely that differences 
in cold contact response found between these groups would be as great as those 
found in this study 
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5. Conclusions 
At low a finger contact force (0 SN), It was found that finger blood flow level had a 
s1gmficant effect upon contact coohng of the mdex finger-pad of the non-dommant 
hand Under the occluded conditiOn, skin cooling appeared Newtonian, whereas under 
the free-flow condition a re-warming effect of the finger was apparent after 
approximately 120 seconds of exposure The contact temperature of the finger-pad 
was found to be significantly lower under the occluded condition after 40 seconds 
The difference m temperature between the occluded and free-flow condition increased 
with time 
The skin blood flow of the finger-pad is dependent upon local and whole-body 
factors The local factor with greatest influence is finger contact force, the greater the 
finger contact force, the deeper the tissues that are occluded by contact pressure For 
low finger contact forces that allow blood flow near the skin surface of the finger-pad 
(,;I ON), blood flow level which IS governed by whole-body factors will have its 
greatest mfluence upon contact cooling In the case of the present study this was 
activity, however these findings are relevant when considering the effects of blood 
flow as a functiOn of gender, age and sufferers of circulatory disorders ( e g 
Raynaud's syndrome) 
The differences m this study do however represent the effect of a great difference m 
blood flow levels, whereas such a difference would not be present among the groups 
predicted to be at nsk 
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CHAPTER SIX- LABORATORY STUDY 4 
SKIN CONTACT WITH COLD MATERIALS A COMPARISON BETWEEN THE 
FINGER-PAD RESPONSES OF THE DOMINANT AND NON-DOMINANT 
HANDFORSHORTTERMEXPOSURES 
1. Introduction 
1.1 Background 
Typically, industry workers are exposed to, and may touch, either accidentally or 
mtent10nally, many surfaces of different materials ( e g machme parts, walls etc) For 
environments containing hot surfaces, standards are available to determine the 
temperature limits for these surfaces in order to minimise safety risks (EN 563 1994) 
However, no such standard IS available for cold surfaces and for those working in 
such an environment, accidental skin contact exposure and the resultant skin cooling 
could pose a safety risk in terms of discomfort, pam, numbness and skin damage 
(Enander 1986, 1989) 
1.2 Previous Research 
Research investigatmg human responses to touchmg cold surfaces in the past has been 
conducted With the aim to derive protective values for contact coohng Chen et a/ 
( 1992, 1994, 1996) studied the cooling responses of the finger in contact with a 
number of materials over a range of surface temperatures under vanous conditiOns, 
two studies were conducted studying the response of the left hand and another two 
studied the response of the nght hand Havenith et al. (1992) investigated the coohng 
responses for whole hand contact, gripping cold bars - observmg both right and left 
handed exposures More recent work by Geng et al. (2000) studied the change m skin-
surface contact temperature of finger touching on cold surfaces and the effects of 
pressure, momtoring only the responses of the non-dominant hand This was also the 
case in a number of other studies (den Hartog et a/ 2000, Jay et a/ (2000), R.lssanen 
et a/ (2000), Geng et al (200 1 )) In 1998, expenmentation was conducted by a 
consortium of partners for the proposal of a European standard for the temperature 
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hm1ts of cold touchable surfaces and the data of this project was based upon the 
responses of the non-dominant hand only (CEN TC122/WG3) 
Very little work has been conducted in the past comparing the cooling responses of 
both hands In 1970, Hellstrom et al. investigated human peripheral re-warming 
during exercise in the cold, finding that on a number of occasiOns the third finger of 
the left and right hand re-warmed simultaneously despite the right hand being covered 
by a mitten compnsmg of a 6mm thick, wind-tight msulative nylon layer Imamura et 
a! (1998) found a difference in re-warming rates between the dommant and non-
dommant hand for subjects gripping a steel bar at -1 0°C It was found that re-
warmmg occurred quicker m the dommant hand, however, this was for whole-hand 
coohng and no conclusiOns can be derived from tlus study as only one condition was 
tested 
It appears that more extensive work has been conducted regardmg the leftlnght, 
dominant/non-dominant differences in pain sensations Wolff and Jarv1k (1964) usmg 
an ice-water bath technique and chronic arthritic patients as subjects, observed that 
the dominant side appeared to be more sensitive to pain than the non-dominant side 
However, a confl1ctmg finding was observed by Wolff, Krasnegor and Farr (1965) 
where the left or non-preferred hand was consistently more sensitive to pain than the 
nght hand when using electrically mduced pain Murray and Safferstone (1970) aimed 
to resolve the Issue usmg cold water stimulation to measure pain w1thm 41 female 
subjects, finding that pam threshold and pain tolerance values were greater for the 
nght hand than for the left, regardless of hand preference This was supported by a 
further study by Murray and Hagan (1973), agam usmg cold water stimulation to 
measure pain with 10 sinstral (left-handed) and 10 dextral (right-handed) subjects 
These findings were attributed to the bilateral asymmetry of the brain regarding 
certam functiOns and embryological differences concerning the origins of the right 
and left arms and hands 
It would be logical to assume that physical differences would be present when 
companng the dommant and non-dommant hand, simply as a result of the greater use 
of the dominant hand PreviOus work of this nature includes a study by Sinoway et a! 
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(1986) where primary peripheral cardiovascular adaptations of the dommant forearms 
of tennis players result in greater maxtmal vasodilatation Tanaka et al. (1984) 
compared the electrically evoked and voluntary contractile properties of the first 
dorsal mterosseous muscle of both hands, findmg that tenston and contractile strength 
were stmilar in both dommant and non-dominant hands Treffel et a! (1994) found a 
significant dtfference in trans-epidermal water loss and a difference in the correlation 
of skm surface parameters of the dominant and non-dominant forearm More recently, 
Armstrong and Oldham (1999) compared hand strengths in both right and left-handed 
participants No differences were found in grip strength and pinch strength between 
dominant and non-dominant hands in left-handed participants, however, a small but 
stgnificant dtfference was observed in both grip and pmch strengths between 
dommant and non-dominant hands in nght-handed participants wtth the right hand 
being stronger 
Gtven the various dtfferences observed between dommant and non-dominant hands, 
the question arises whether the data on the non-dominant hand collected for the new 
European Union standard of safe temperature limits of cold touchable surfaces (CEN 
TC122/WG3) needs further differentiation for safety of dominant hands and would 
these be more or less at risk than the standard's data suggests 
1.3 Aim 
The aim of th1s study IS to compare the finger-pad cooling responses of the dominant 
and non-dominant hand to short-term cold contact exposure and to study whether this 
response is related to phystcal hand measurements For this purpose, expenments 
were performed where both hands touch various materials at different temperatures 
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2. Materials and Methods 
2.1 Subjects 
Eight subjects (4 male and 4 female) participated in the study They were all 
volunteers drawn from the undergraduate and postgraduate population of 
Loughborough University Physical characteristics of the subjects are detailed m 
Table 2 I The method for estabhshmg the dominant and non-dominant hand was 
conducted by measunng grip strength (in N) with a hand dynamometer and mid-arm 
circumference with a tape measure All of the readings observed (detailed m Table 
2 I) were m agreement and also comcided with the wnting hand It was concluded 
that all subjects were dextral (i e right-hand preference) Mean hand charactenstics 
were also measured and are detailed in Table 3 I Volumes for I" phalanx of the 
index finger and mdex finger were measured using water displacement by submergmg 
the finger in to water up to the base of the distal phalanx and proximal phalanx 
respectively Lengths of the mdex finger and its I" phalanx were measured with a 
shdmg rule Circumferences of the 1 ", z"d and 3'd phalanges were measured with 
stnng and rule Finger-pad skmfold was measured with small callipers Finger-pad 
contact area and hard surface area were calculated by scannmg a fingerpnnt at the 
appropriate pressure mto a customised computer programme 
Subjects were made fully aware in wnting of all expenmental details (includmg 
discomfort, demands on time, measurements to be taken and all other procedures) 
Before participating each subject was required to complete a fonn of consent and a 
Human Thermal Environments Laboratory 'health screen for study volunteers' (see 
appendix) which provided more information regardmg the subjects' suitability to take 
part in the study Potential subjects were excluded from the study if they had in the 
past suffered frost-bite, any other related cold injunes or suffered from vascular 
disease 
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Table 2.1. Phys1cal characteristics for male (M) and female (F) subjects 
.,£ 5 Q) Q) 0 0 
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--'" Cl Cl 
" " 
1 M 167 3 59 1 31 5 240 21 4 20 5 
2 F 168 0 63 4 30 5 266 20 1 19 8 
3 F 168 4 76 8 240 19 0 22 3 21 5 
4 M 179 5 74 8 41 8 39 0 23 0 220 
5 F 169 5 54 9 24 3 200 21 0 18 2 
6 F 183 3 75 2 22 0 18 8 22 8 21 0 
7 M 176 5 109 3 40 8 36 0 26 0 26 0 
8 M 183 0 67 8 33 5 32 0 23 0 22 0 
Mean 174.4 72.7 31.1 26.9 22.5 21.-t 
- ±6.9 ±16.8 ±7.5 ±7.9 ±1.8 ±2.3 
2.2 Protocol 
Each subject touched, w1th the 1" phalanx of the index finger of the appropriate hand, 
blocks (9 5 x 9 5 x 9 5cm) of three different materials (alummium, stainless steel and 
nylon) which were selected to represent a range of thermal properties as detailed m 
Table 2 2 (properties of matenals were tested by VTT, Finland, June 14, 1999) The 
thermal properties are expressed in terms of thermal penetration coefficient (b) (BSI 
1978, Yoshida et a! 1989) wh1ch is defined as 
y, 
b = (k • p • c) 
where k is thermal conductivity ( W•m -I •K ·I ), p 1s dens1ty ( Kg•m -J ) and c 1s 
spec1fic heat ( J•Kg -'·K ·I) 
Table 2.2. Thermal properties of the matenals tested 
Density Thennal Specific Thennal Thermal Material ConductiVIty Heat (mass) DiffuslVlty PenetratJon (p) (k) (c) (a=ko·'c"1) coefficient 
Kg m·, wm·' K' J Kg·' K"1 10., m2 s·' Jm·2 s·' 12 K' 
Alunuruum 2770 180 900 28 80 21180 
Steel 7750 14 8 461 4 20 7270 
Nylon 1200 0 34 1484 0 19 780 
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The materials were touched while exerting a finger contact force level of 2.9N. The 
material surface temperatures to be used were derived from previous experimental 
findings, namely from the previous study detailed in chapter 3 (laboratory study 1 ). 
The surface temperatures when combined with material properties were chosen in 
order to provide two types of cooling: fast cooling affecting only the superficial skin 
layers (<15-20 seconds) and slow cooling affecting the deeper dermal tissue layers (1-
3 minutes). Minimum safe temperatures to be used were based upon data from pilot 
studies conducted at partner institutions (National Institute for Working Life, Sweden; 
Universite Catholique de Louvian, Belgium; TNO Human Factors Research Institute. 
The Netherlands). These were derived with the aim to conditions such that frost-nip 
risks were minimal and that the skin cooling was not too fast to control. For the 
present study, experimental conditions were chosen in order to provide a range of 
cooling speeds, these conditions are detailed in Table 2.3 
Table 2.3. Experimental conditions for test materials 
ooc 
-l0°C -20°C 
Aluminium 
./ ./ 
tee! ./ ./ 
Nylon 
./ ./ 
(HI UE Slow. RED Fu\t) 
2.3 Equipment 
Note: See Chapter 2 for specific details 
2.3. 1 Cool-Box 
Materials were placed on a balance tray inside the cool-box in order to aJlow different 
and measurable touching force level to be obtained. Due to the difference in densities 
of the materials tested and the touching force level required, appropriate 
compensation weights were added to the balance tray. Participant regulated the 
contact pressure using feedback provided by an analogue pointer method. lbis was 
devised to improve the accuracy of force stability given the problem experienced with 
the previously used digital indictor light method. The pointer operated along a scale 
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denoting a range around the desired contact force, thus allowing the participant to 
judge the amount of force required to obtain the correct force level. 
2.3.2 Skin Cooling 
For the purpose of measurrng skin contact cooling, T-type thermocouples 
(copper/constantan) of 0.2mm diameter were attached to the palmar side of the 151 
phalanx of the index finger of the appropriate hand using ' JM Blenderm' surgical 
tape. The base of the sensor tip was attached to the finger just below the l 51 phalanx, 
allowing the sensor to be totally exposed to the skin surface on one side, and the 
touched surface on the other. This measured the effective temperature between the 
skin and the material surface - the ' contact temperature'. 
2. 3. 3 Monitoring 
The local skin cooling of the contact area was monitored using a WorkBench PC for 
Windows 3.00.15 programme in conjunction with a 16-bit Strawberry Tree 
OAT AshuttleTM. model DS-16-8-TC-AO (Strawberry Tree Inc., Sunnyvale, CA, 
USA). The program was designed to meet the monitoring system requirements of the 
study: Skin cooling measurements displayed graphically and digitally; all data 
recorded for further analysis; point of contact of finger with material marked; 
withdrawal point distinguishable (based on experimental criteria). 
2.4 Subjective sensations 
Note: See Chapter 2 for specific details 
In order to obtain subjective measures to complement the objective measures 
previously detailed, pain and thermal sensation were recorded. Pain sensation was 
based upon a scale marked 0 to 4 (0 = No pain, through to 4 = Intolerable pain). 
Thermal sensation was based upon a modified bi-polar scale +2 to -4 (+2 = Warm, 
through 0 = Neutral, to -4 = Very, very cold). 
A stop watch was started upon initial finger contact with cold material and subjects 
informed the experimenter on each occasion either pain or thermal sensation changed 
- the times at which these changes occurred were recorded. 
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2.5 Withdrawal criter ia 
Withdrawal criterion was the occurrence of one of the following: a contact 
temperature of 0.5°C; a typical sensation of frostnip about which subjects were 
instructed (burning/tingling); a sensation of intolerable pain (4 = ''lntolerable pain"); 
or any other reason for which the subject perceived withdrawal to be necessary. 
2.6 Experimental Design 
All ofthe materials were tested over three separate sessions for each participant The 
material and surface temperature presentations were balanced such that any effect of 
order was avoided. The order of the materials tested during each session was 
alternated between groups and so was the order of hand testing. See Table 2.4, where: 
box number represents the order in which each group tested a particular temperature; 
material symbols (AI = Aluminium, SS = Stainless Steel, NY = Nylon) represent the 
order in which materials were presented for a particular session. Each combination of 
material and temperature was repeated 3 times. 
Table 2.4. Balanced experimental design 
Subject ooc -JOoC 
-20°C 
1 8S, AL NY, AL, SS '" (Right, Left) (Left. Right) (Left. Riuht) 
2 AL,SS SS. ,.Y. ~L N\ (Left. Right) (Right. Left) (Right, Left) 
3 SS, -\L AL. SS, NY NY (Right. Left) (Left, Right) (Left, Right) 
4 AL. SS NY, SS. AL NY (Left. Right) (Riuht. Left) (Right. Left) 
5 SS, AL NY, AL, SS NY (Left. Right) (Right. Left) (Right. Left) 
6 AL,SS SS, N\, AL NY (Right. Left) (Left. Right) (Left. Right) 
7 SS,AL AL, SS, NY NY (Left. Right) (R1ght, Left) (Right, Left) 
8 AL, SS NY, SS, AL N\ (Right, Left) (Left. Right) (Left, Right) 
Order of temperatures balanced: REV First. BLUE Second, GR.l~'EN Third 
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2.7 P•·ocedure 
Note: See Chapter 2 for specific details 
Subjects rested for a period of 30 minutes in an air-conditioned preparation room 
(used to achieve the desired thermal environment). Each subject was asked to rate his 
or her whole-body thermal sensation on a Predicted Mean Vote (PMV) scale (ISO 
7730, 1994). These votes were taken every 5 minutes, and the environmental 
conditions inside the room were adjusted in order to induce the desired PMV of - 1 
(slightly cool). The mean conditions of the preparation room were Ta = J 7.2 ± L.0°C, 
Rh = 40.8 ± 6.2%. A PMV of - I was required in order to achieve a baseline state of 
sl ight vasoconstriction. Clothing insulation was standardised at around 0.4-0.5 clo 
(cotton underwear, socks and t-shirt; jeans and trainers/shoes) . 
Once instrumented, subjects were asked to touch with the I 51 phalanx of the index 
finger of the appropriate hand, a particular material block with the desi red contact 
force (2.9N) at the specific test temperature. They continued to touch the block until 
one or more of the withdrawal criteria was met, upon which the subject withdrew 
their hand from the cool-box. The contact temperature that occurred during the 
exposure were saved to a PC at a sample rate of 5Hz (one reading every 0.2 of a 
second). In order to minimise deviation in starting skin temperatures the hand was 
thoroughly re-warmed before the next exposure could be conducted. This was 
achieved by either immersing the hand (gloved) in a warm water bath (no warmer 
than 25°C) - this method was used after longer or very cold exposures, typically when 
nylon was tested; or placing the hand under the armpit - general ly after testing metals. 
2.8 Calibration 
Note: See Chapter 2 for specific details 
Figures 2.1 a and 2. 1 b are examples of the calibration results for sensors used in this 
study. The blue plots represent thermocouple readings, the red plots represents the 
Bri.iel & Kj rer calibration air temperature sensor and the difference between the two 
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readings is represented by the green plots. As can be seen from these figures, the 
deviation of the thermocouples from the calibration sensor was minimal for both 
stable and changing temperatures. This was the case for aU of the thermocouples used 
in the study, hence no adjustments were required. 
5 I I I I I I 
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-4 - -
-5 l j_ l I I I 
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 
Time (secs) Time (secs) 
Fig 2.1a Changing temperature calibration 2.lb Stable temperature calibration 
2.9 Statistics 
Key: Red = Brilel & Kjcer 
Blue = Thermocouple 
Green = Difference 
The data collected was analysed using analyses of variance and eo-variance studying 
the relationships between individual parameters (e.g. material, finger contact force, 
surface temperature etc.) and cooling occurring. All analyses was performed using the 
statistical software package SYST AT 8.0 (Systat Inc., Evanston, IL USA). For 
significance, p50.05 was accepted. 
For the purpose of describing the distribution of the responses, the data co llected was 
also expressed in terms of ''box and whisker" plots. The box plots consist of a lower 
"hinge" which represent the 25% percentile value, an upper "binge" which represents 
the 75th percentile and in between the median. The ''whiskers" of the plot represent 
the "fence" range of values that fall within 1.5 times the value between the 
appropriate "hinge" and the median. Any values falling outside the ''fence" range but 
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fall s within 3 times the value between the appropriate " hinge" and the median are 
represented by an asteri sk (*). Any value falling outside of this range is represented 
by an empty circle (o) and are termed "outliers". 
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3. ResuJts 
3.1 Physical hand measurements 
The physical hand measurements are detailed in Table 3.1. A paired t-test was used to 
analyse the differences between the measurements obtained for the left and right 
hand. 
Table 3.1. Mean hand characteristics of the left and right hands of the subject group 
Q) Q) Q) :5 0 Q) Q) Q) >< (.l >< (.l >< (.l ><-
-c ro- u- E E c: c: c: c: c:C: c: E Ol ro-e -- "' Cll" ::I ~~- ~e- ~!!:!- ~.£. c: _ ~:EE" c:E - tE o;;- 2 -ro a> E ro a> E en~ E ~:5 ..S!E Ou Z ::I (.l >E O" u- o m- > E 
-§."E.& -§."E.& -§.E.& ..... (.l ~~~ ...._ en . -c~ ...._ (.) -c.& 0.0> Q)- ~!!:!:::. Q) -
.. ::I 1! ::J ... ::I ~j Ol If(/) c: ..... Ol c: 
....- .g N ._g c'i'> _g c: c: en en ro c: Cll 
(.l 0 0 u:: u:: :I: u:: :I: 
Left 4.56 5.30 6.33 2.61 7.28 2.96 2.65 152.4 16.0 321 (mean ) 
SD± 0.32 0.33 0.43 0.15 0.27 0.21 0.355 15.7 3.5 53 
Right 4.77 5.47 6.46 2.65 7.31 3.29 2.80 155.9 16.8 341 (mean) 
SD ± 0.24 0.28 0.44 0.16 0.24 0.20 0.43 16.2 4.1 65 
p = 0.034 0.036 0.008 0.132 0.080 0.007 0.117 0.079 0.080 0.037 
Comparisons of the physical hand measurements for the left and right hand of the 
subjects showed significant differences in hand volume, 1st phaJanx length, and the 
circumference of the 151, 2"d and 3rd phalanx and skinfold thickness of the index 
fingerpad (p~0 .05) . However, it can be noticed that there is an overall trend present in 
all measurements, suggesting that the right hand is consistently larger than the left 
hand. Examples ofthe type of distribution observed in the data is shown in figures 3.1 
and 3 .2. 
When the subject group was separated in terms of gender, it was found that the femal e 
subjects had a significantly smaller distal phalanx circumference, finger volume, hand 
volume, hand surface area and contact surface area (p~0 . 025) . However, there was no 
gender*hand-dominance interaction present for any hand measurement. 
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Count Count 
Fig 3.1 Box and distribution plot 
comparing finger vo lume for left and 
right hands (p=0.08) 
3.2 Cooling Curves 
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Fig 3.2 Box and distribution plot 
comparing finger-pad skinfold for 
left and right hands (p=0.007) 
In order to determine the appropriate method for analysis of tbe contact cooling, the 
starting skin temperatures (To) before exposure were scrutinised. Despite the 
experimental procedure ensuring that all starting skin temperatures were above 25°C, 
the actual range ofthese values for the 277 cooling exposures conducted was between 
24.9°C and 37.6°C (mean: 28.2 ± 3.3°C). 
Whilst no significant difference was found between T0 of the index finger pad of the 
dominant and non-dominant hand there was a great deal of variability found within 
subject for many of the conditions with left and right hands rarely having consistently 
equal starting temperatures for each respective run. 
The variability found in T0 could affect times to reach marked or representative 
temperatures, therefore the analysis was not performed in this manner. The analysis 
method selected was that of fitting a mathematical model to each separate cooling 
curve. The model used was a modified Newtonian cooling curve (Molnar, 1971 · 
Molnar et al 1972) - a function that describes the cooling as a 2"d order exponential 
decay, with the curve being treated in two stages (Chen et al. 1992, 1994). Stage A, 
being dominated by one time constant (1:1), and stage B, being dominated by a second 
time constant (1:2) (see figure 3.3). 
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%~~1~0~20~~30~~:5~0~6~0~70 
Time (secs) 
AT= (To- Tr) 
T c(t): contact temperature at time t 
Tt : final skin temperature 
T( time constant for cooling process in part A 
A: proportion of curve dominated by T1 
To : starting skin temperature 
t cold exposure time 
T2: time constant for cooling process in part 8 
B: proportion of curve dominated by T2 
Figure 3.3 A diagram describing modified Newtonian cooling curve 
The modelling was performed using the statistical software package SYSTAT 8.0 
(Systat Inc., Evanston. IL, USA). 
3.2. 1 Derived cooling curve parameters 
To (starting skin temperature immediately before touching) and Tr (essentially block 
surface temperature) were derived for each individual cooling curve prior to analysis. 
The modelling process therefore characterised each curve with four parameters: A, B, 
't1 and 't2. These values for the dominant and non-dominant hand fo r each condition 
are detailed in Table 3.2. 
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Table 3.2. Individual equation parameters for left and right handed contact for the 
expenmental conditwns tested 
Parameter 0°CAL 0°CSS -J0°C AL -J0°C SS -10°C NY -20°CNY 
't- L 067±099 3 71±3 40 0 66±0 41 1 85±1 31 3 94±3 34 319±3 62 
!t- R 084±032 3 93±316 050±0 64 1 09±1 24 348±222 2 73±2 75 
r2- L 16 1±12 2 156 4±129 6 15 9±10 4 33 1±30 1 788 0±750 5 770 6±388 0 
•2- R 143±115 140 4±264 2 19 3±12 2 37 8±275 758 2±674 2 777 2±474 2 
A-L 0 79±0 20 0 60±0 11 0 60±0 15 0 46±0 09 0 18±0 08 0 22±0 07 
A-R 0 89±0 24 0 68±0 18 0 58±0 26 0 46±0 10 0 21±0 08 0 21+0 08 
B-L 0 22±0 16 0 27±0 04 0 42±0 11 0 56±0 08 0 73+0 03 0 73±0 04 
B-R 0 19±0 20 0 24±0 05 0 52±0 13 0 53±0 09 072+0 05 074±004 
R-so- L 0 977 0 965 0 988 0.994 0 991 0.991 
R-so- R 0 961 0 971 0 977 0 986 0 993 0 991 
Effect of hand dommance 
An analysis of variance (ANOV A) was performed on the data for each of the 6 
condttions in order to determine any significant differences between responses of the 
left and nght hands A post-hoc test was carried out by treating "subjects" as a 
random factor, the mam fixed effect of "hand" was tested against its mteractwn with 
"subjects" - usmg the interaction as the error term For stgmficance, p~O 05 was 
accepted 
No stgmficant dtfferences were found between dominant and non-dommant hand 
responses for any of the equation parameters for any of the conditions tested (*except 
for one instance of parameter A being significant alummium at 0°C) P-values denved 
after post-hoc test are detailed in Table 3 3 
An overall analysis of variance (ANOV A) was also performed using the data from all 
condttwns together No stgmficant dtfferences were found between the dommant and 
non-dominant hand responses for any of the equation parameters (!t p=O 23, 'r2 
p=O 81, A p=O 12, B p=O 14) 
Effect of gender 
Overall, gender had no significant effect on t 1 or t 2 A trend was more pronounced for 
tt, with males (p=O 068) dtsplaying a smaller time constant over all conditions except 
CHAPTER 6- Hand dommance 182 
stainless steel at - !0°C (where I subjeCt withdrew and data for a further 2 subjects 
were not used due to excessive n01se) No such trend was evident for Tz (p=O 348) 
Table 3.3. P-values from comparison of left and right handed responses for each 
experimental condition tested 
Parameter 0°CAL oocss -I0°C AL -J0°C SS -10°C NY -20°CNY 
1! 0 267 0 993 0 306 0 256 0 135 0 674 
12 0 215 0 765 0 961 0 509 0 849 0 118 
A 0 007* 0 454 0 700 0 579 0 894 0 807 
B 0 918 0 126 0 187 0 685 0 890 0 927 
Effect of temperature 
A sigmficant effect of temperature was found (p<O 05) m Ti between -10°C and 0°C 
for stamless steel, but not for alummium (p=O 581) or for nylon between -10°C and -
20°C (p=O 345) A significant difference was also found in 1:2 between - !0°C and 
0°C for stainless steel (p<O 05), but again no difference was found between -10°C 
and ooc for alumimum (p=O 209) or for nylon between -10°C and -20°C (p=O 479) 
Effect of matmal 
At a surface temperature of 0°C, alumimum had a significantly faster Ti than stainless 
steel (p<O 00 I) but not 1:2 (p=O 543) At -10°C, stainless steel had a sigmficantly 
faster <i than nylon (p<O 001), and alummmm had a significantly faster Ti than 
stamless steel (p<O 001) The same was the case for 1:2, With stainless steel having a 
significantly shorter time constant than nylon plastic (p<O 001) and alumimum having 
a sigmficantly shorter time constant than stainless steel (p=O 002) 
Differences between TJ and <2 
For all 6 individual conditions, it was found that Ti was significantly shorter than r2 
(p<O 001, alummium at 0°C (p<O 05)) 
3.3 Subjective sensations 
Whilst mvesbgating any differences m the subjective responses of dominant and non-
dominant hands during cold contact fingertip cooling it was noted that not all 
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exposures over all conditions induced cold pain Wtth this m mind, the initial step of 
analysts was to examine the mstances where cold-induced pam dtd occur and 
ascertam whether this ts affected by the hand used (dominant or non-dominant) 
The hand associated with the instances in whtch no pam and pain were expenenced 
during exposure are detatled m Table 3 4 Using a Kruskal-Wallis one-way analysis of 
variance, no dtfferences were found between these responses for the dominant and 
non-dominant hand (p=O 566) 
It was found that in the instances where cold-induced pam was experienced, the time 
taken for the onset of pam (pain vote of 1 - shghtly painful) was not significantly 
affected by the hand used for cold contact (p=O 812) In those mstances where 
mtolerable pam was experienced (a pam vote of 4), again the time taken was not 
stgmficantly affected by the hand used for cold contact (p=O 784) 
Table 3.4. A comparison of subjective responses (pam) for left and right hand contact 
Yes Pain No Pain 
Left Right Left Right 
Temp Mat No (%) No (%) No (%) No (%) 
O'C AL 13 54 2 11 45 8 11 45 8 13 54 2 
O'C ss 24 51 1 23 48 9 0 0 1 100 
-10'C AL 9 56 3 7 43 8 15 46 9 17 53 1 
-10'C ss 22 47 8 24 522 2 100 0 0 
-10'C NY 24 51 1 23 48 9 0 0 1 100 
-20'C NY 24 51 1 23 48 9 0 0 1 100 
Overall 116 51.1% 111 48.9% 28 45.9% 33 54.1% 
There was a significant effect of gender on the time taken for the onset of pam 
(p=O 042) (with females being qutcker), but not on the time taken to reach intolerable 
pam (p=O 607) 
A comparison of the nature of the development of pam over time between dominant 
and non-dominant hand exposure is shown in figures 3 4 It was found that pain 
developed lmearly over time for both dominant and non-dominant hand The time 
taken for each stage of pain to occur was not significantly different between dominant 
and non-dommant hands 
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A comparison of the nature of the development of thermal sensation over time 
between dominant and non-dominant hand exposure is shown in figure 3.5. It was 
found that thermal sensation, like pain, developed linearly over time for both 
dominant and non-dominant hand. The time taken for each stage of thermaJ sensation 
to occur was not significantly different between dominant and non-dominant hands. 
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Fig 3.4 A box plot showing the 
comparison of pain responses for 
left and right hand contact 
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4. Discussion 
4.1 Physical hand measurements 
The phystcal hand measurements taken of the subjects' hands suggested that the right 
(dominant) hand was consistently larger than the left (non-dominant) hand, with five 
out of ten measurements being found to be sigmficantly larger than the non-dommant 
hand 
The larger dommant hand measurements could be m part a result of greater 
accumulatiOn of cornified epidermis on the dommant hand due to more frequent use 
4.2 Finger skin cooling 
The modified second-order Newtonian cooling model used for analysis was a very 
accurate mathematical model for the data obtained An almost perfect fit to the 
observed values was obtained across all conditions as ts reflected in the overall 
adJusted R-squared values of 0 985 for left hand finger coohng and 0 980 for nght 
hand finger coohng 
The time constants derived from the model would appear to descnbe different aspects 
of the cooling process and this is shown by the highly significant dtfference between 
the two The first time constant ( • 1) was short, and this represents the cooling of the 
very superficial epidermal layer and primarily thermocouple dynamics (Chen et a/ 
1994) The second time constant (•2) was longer, representing the second part of the 
cooling and the cooling of the deeper dermal layers of the fingertip Both parts of the 
cooling process are of importance and any differences in these coohng characteristics 
due to hand dommance would be relevant m determining safety limitations for cold 
touchable surfaces 
As expected from previous studies (Havenith et al. 1992, Chen et al. 1994, 1996), 
large mdivtdual dtfferences in cold contact responses were evident However, It was 
clear that material had a highly significant effect on the speeds of both parts of the 
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coohng process This can be explained m tenns of the range of thermal properties of 
the matenals tested Aluminium possesses the h1gher thennal penetration and 
therefore elicits a faster rate of coohng, represented by small t1me constants and the 
overall cooling process bemg dominated to a greater extent by the first (smallest) time 
constant Nylon has the lowest thennal penetration coefficient and therefore elic1ts a 
slower rate of cooling, represented by large t1me constants and the overall cooling 
process being dommated to a greater extent by the second (largest) t1me constant 
Theoretically, a change m surface temperature does not have an effect upon <1 or <z as 
Newtonian cooling curves are the same shape regardless of the change in temperature 
However, 1t was found that a change m material surface temperature had an effect on 
't1 and 'tz for stamless steel m the present study It is suggested that this IS a 
consequence affixing the value ofTr(final skin temperature after an infimte period of 
time) m the second-order Newtonian cooling model used to analyse the data Tr was 
assumed to be block surface temperature, however, realistically this value w11l be 
warmer due to heat transfer from the finger-pad warming the contact area of the block 
surface The application of the present study is compare responses between hands 
withm subject and seemg that Trwas fixed for all exposures this method of analysis is 
both sufficient and appropriate 
No effect of gender on finger skm coohng was found, however a trend was found w1th 
males d1splaymg quicker initial coohng - th1s could be descnbed in tenns of a 
s1gmficantly greater finger-pad contact surface area in males (Jay et al. 2000), the 
subject group was also rather small 
It was found that there were no differences between the cooling responses of the 
finger-pad of the index finger of the dominant and non-dominant hand over the range 
of coohng speeds elicited by the various materials tested over the three temperatures 
selected It therefore appears that the slightly larger structure of the dominant hand 
Itself has no effect on contact coohng From the physical hand measurements taken, 1t 
IS the skmfold th1ckness of the actual contact area which IS of particular mterest 
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The superficial epidermal layer, as represented by t 1, and the deeper dermal tissues of 
the fingerpad, as represented by r2, both responded in very Similar ways for the 
dommant and non-dommant hand This is desp1te a thicker skmfold bemg found on 
the fingerpad of the dominant hand, probably attnbutable to the accumulation of 
callus, that 1s, the thickened keratm layer of the epidermis, due to more frequent use 
(Lederman, 1976) This thicker skin however, does in the present expenment cool at 
the same rate as that of the skin on the fingerpad of the non-dommant hand The 
question then remains, would this thicker skin have the same freezing point? 
The freezing point of skin occurs at the point of1ce crystallisatiOn of the skin (Wilson 
and Gold man, 1970) Keatmge and Cannon ( 1960) found the true freezing point of the 
skm of human fingers (little fingers, both left and nght) to be approximately -0 6°C in 
bnne However, other studies have suggested differing temperatures, from -2 2°C for 
bare skm contact with cold metal (Lew1s and Love, 1926), to below -1 oac for skin 
freezing m air (Wilson et a/ 1976) These and other studies have found that 
supercooling of the skin invanably occurs before the onset of freezing, and the extent 
of th1s supercooling is dependent upon the rate of cooling, the faster the rate of 
cooling, the lower the supercooled freezing point At the moment of 1ce 
crystallisation, liberation of heat due to fusion occurred resultmg m a rise m skin 
temperature - thus givmg two freezing temperatures supercooled freezmg 
temperature (tsc) and apparent freezing temperature (t,r) The difference in these two 
temperatures was dependent upon the depth of ice crystallisation in the skin, which 
could be potentially affected by skinfold thickness However, 1t was also found that t,r 
was the same !ITespectlve of the tsc and therefore the amount of heat of fuswn 
liberated and subsequent rise m skin temperature 
Caution must be taken however, when comparisons are being made between freezing 
points of skin exposed to air and freezing points of skin in contact with cold materials 
(Chen et al. 1994) Alum mm m has a thermal conductivity of 180 wm-1K 1, steel 
14 80 wm-1K 1 and nylon plastic 0 34 wm-1K', in comparison to air (0 024 Wm"1K 
1) Heat will transfer at a much greater rate when in contact with these cold materials 
and wh1le a certain degree of supercooling will occur, the deeper tissues of the finger 
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will also cool earher The freezing pomt of skin in contact w1th cold solid surfaces IS 
therefore expected be at a higher temperature 
Despite th1s, the followmg conclusions can be made It is known that the supercooled 
freezing pomt of finger skm is dependent upon the rate of cooling Th1s study has 
shown that the rate of cooling due to cold contact of the index fingerpad of the 
dommant and non-dominant hand are not different This suggests that, within the 
range of th1ckness tested, the thicker finger skm of the finger-pad of the dominant 
hand should have an equal freezing temperature to that of the non-dommant hand, 
regardless of whether supercooling occurs or not 
4.3 Subjective sensations 
There were no differences between the dommant and non-dommant hand (and 
therefore the left and nght hand) in terms of pain onset, pain tolerance and the 
development of pain or thermal sensation over time As skin coohng rates were also 
the same, no difference would be evident m the development of pain or thermal 
sensation in relation to skin temperature 
These findmgs are not m agreement with those of Murray and Hagan (1973) who 
found that the left hand was more sensitive to pain than the nght hand for both sinstral 
and dextral subjects However, this study mvestigated whole hand immers1on in cold 
water as opposed to our study where there was whole hand exposure to moderately 
cold air (for only up to 180 seconds) and finger-pad only exposure to the surface of 
the cold materials 
There are between 3 to 5 cold receptors per cm2 on the finger (Schmidt and Thews 
1989) and the findings of the present study suggest that this does not vary between the 
mdex fingers of the dominant and non-dominant hand 
Pam responses in our study were recorded in a similar way to Murray and Hagan, but 
our subject pool consisted of only 8 subjects (4 males and 4 females) m comparison to 
41 subjects (all female) There was an effect of gender on the onset of pain, but no 
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hand*gender mteraction was present thus excluding the possibility of a mixed sex 
sub] ect group maskmg any differences due to hand 
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5. Conclusions 
No differences were found between the cold contact response of the index fingerpads 
of dommant and non-dominant hand when m short-term contact with the surfaces of 
dtfferent cold matenals over a range of temperatures 
Contact coolmg response, onset of pain, pam tolerance and the development of both 
pain and thermal sensation were the same for both dominant and non-dommant hands 
The implications of these findmgs are that no further modification of standards and 
recommendations protecting the human finger from pain, numbness and skin damage 
due to accidental contact with cold surfaces is required 
It is acknowledged that in the case of the subject group tested (undergraduate 
students, aged 19-25), the "callus" range tested was hmited i e these concluswns 
would not be valid for a manual labourer However, when constdering that the 
presence of thtcker "callus" would slow finger skm cooling down, the subJeCt group 
tested represents a worst case scenano m terms of finger skin cooling protection 
provided by "callus" 
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CHAPTERSEVEN-LABORATORYSTUDY5 
SKIN CONTACT WITH COLD MATERIALS AN INVESTIGATION OF PAIN 
AND THERMAL SENSATIONS 
1. Introduction 
1.1 Background 
Typically, mdustry workers are exposed to, and may touch, either accidentally or 
mten!Ionally, many surfaces of different matenals ( e g machine parts, walls etc) For 
environments containmg hot surfaces, standards are available to deterrmne the 
temperature limits for these surfaces in order to mmimise safety risks (EN 563 1994) 
However, no such standard is available for cold surfaces and for those working in 
such an environment, accidental skm contact exposure and the resultant skin cooling 
could pose a health and safety nsk in terms of discomfort, pain, numbness and skin 
damage (Enander 1986, 1989) 
1.2 Previous Research 
Coohng of the extremities is usually accompamed by the sensation of cold and often 
discomfort and pam (Enander 1982, 1984) If this discomfort and pam is sufficient the 
consequences upon performance in a workmg environment can be detnmental due to 
loss of tactile sensitivity (Mackworth, 1953, Morton and Provins, 1960), dexterity 
(Clark and Cohen, 1960, Lockhart et al. 1975) and in extreme cases skin damage 
Skin freezing thresholds and the resultant sensory responses have been studied m 
numerous expenments investigating the hand exposed to air and water (Wilson and 
Goldman, 1970, Molnar et a! 1973) Only recently have there been studies 
researching the responses of skin coohng as a result of contact with solid materials, 
however, these have primarily concerned either whole-hand contact (Havenith et a! 
1992) or the objective measurement of skin cooling of the finger (Chen et a! 1994) 
The comparison of subjective responses from studies mvolving different methods of 
cooling is difficult as the physiological conditions produced are somewhat different 
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thus affectmg the responses ( e g whole-body versus hand-only cooling) The 
fundamental difference m the comparison of studies involving convective and 
conductive coohng is the rate coohng induced by the condttlons Marks and Stevens 
(1972) and Enander (1982) concluded that pain and thermal sensation were 
mdependent of cooling rate of the hand, however these experiments involved hand 
coohng in air and the dtffering rate of coohng were a result of changes in air 
temperature and therefore not very large Clark and Cohen (1960) found an effect of 
rate of cooling, but thts was upon manual performance Subjective responses m terms 
of pain and thermal sensation were not recorded Havenith et al. (1992) studied the 
effects of whole-hand contact with sohd cylinders of different materials upon thermal 
and pain sensation They found an obvtous effect of skin contact temperature on 
thermal and pain sensation but also concluded that at equal skin temperatures the 
presence of a protective glove dtd m fact cause greater pam sensation than contact 
wtth the bare hand This was explamed by the fact that the heat flow from the hand 
was slower with a glove, which produced a smaller temperature gradient from the skm 
surface to the deeper tissues of the hand where pain receptors are located Hence, at 
equal skin surface temperature, the deeper tissues were cold er with the presence of the 
glove Simtlar findmgs were made by Wilson and Goldman (1970) and Molnar et al. 
(1973) where pam was not observed by subjects experiencing frostmp in cases 
involving a fast coohng rate in finger skin exposed to fast movmg air 
Very little work has been conducted investigating the subjective responses of 
partictpants touchmg cold matenals with the finger only It ts feasible that the 
responses under this nature of contact may dtffer from those involving hand contact or 
hand/finger exposure to air For example, Enander (I 982) found that thermal 
sensation was best correlated with the skm temperature of the thumb, the explanation 
for thts bemg the thumb possessed a 'middle' position regarding temperature change 
of the hand, less susceptible to slight fluctuations but more sensitive than the back of 
the hand Only two studies to date have investigated the subjective responses during 
finger-only contact, however the range of thermal properties and therefore coohng 
speeds represented were hmtted Chen et a/ (1994) found that ratmgs of pain and 
thermal sensations did not correlate significantly with the skin contact temperature of 
the middle finger touching aluminium at -1°C, -5°C and -14°C, however it could be 
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argued that due to the high conductivity of the material used, the skin cooling rate for 
all three conditions were so fast that any differences in thermal or pam sensation due 
to d1fferent cooling rates would be indistinguishable withm the experimental protocol 
that the study operated at (i e skin temperature withdrawal criteria) Geng et al. 
(2000) found an effect of contact pressure on pain and thermal sensitiv1ty with contact 
of aluminium at -15°C She determmed that sensitivity was greater in terms of ttme 
and skm contact temperature at low contact pressures (0 98N) and subsequently 
decreased w1th increasmg contact pressure (2 94N to 9 81 N) 
Other studies generally investigating thermal and pam sensation have analysed the 
effects of many variables upon subjective responses during hand cooling Extensive 
work has been earned out investigating the left/right, dominant/non-dominant hand 
differences in pain sensations Murray and Safferstone (1970) used ice-cold water 
stimulation to measure pam with female subjects and found that pain threshold and 
pain tolerance values were greater for the right hand than the left hand regardless of 
hand preference This was confirmed by Murray and Hagan (1973) who tested an 
equal left and nght-handed population Mower (1976) found that internal body 
temperature had no effect on the perceived thermal sensation of the penphery, wh1ch 
was supported by Havemth et al. ( 1992) who also found that changes m rectal 
temperature due to exercise had no relationship w1th temperature sensation 
G1ven the various findings of studies conducted investigating cooling of the 
extremities through different methods, the question ar1ses whether perceptions of 
finger coohng due to contact with solid materials m terms of thermal and pain 
sensation w1ll be affected by the same parameters as those during whole-hand cooling 
m air, iced-water or whole-hand contact Very little work has been conducted in the 
past to address this question 
1.3 Aim 
The a1m of this study is to investigate the pain and thermal sensation responses for 
short-term cold contact exposure and to study how these responses are related to the 
experimental conditions and fingerpad coohng measurements recorded For thts 
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purpose, expenments were performed where participants touched varwus cold 
matenals over a range of surface temperatures and contact forces 
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2. Materials and Methods 
2.1 Subjects 
Ten subjects (5 male and 5 female) participated in the study They were all volunteers 
drawn from the undergraduate and postgraduate population of Loughborough 
University Mean index finger characteristics of the non-dominant hand for male and 
female subjects are given in Table 2 I Circumference of the I '1 phalanx of the index 
finger was measured using string and rule Volumes for I" phalanx of the mdex finger 
and index finger were measured using water displacement by submerging the finger in 
water up to the base of the distal phalanx and proximal phalanx respectively Lengths 
of the index finger and its I" phalanx were measured with a rule Contact area was 
calculated by scanmng a fingerprint at the appropriate contact pressure into a 
customised computer program 
Table 2.1. Mean index finger charactenstics for male (M) and female (F) subjects 
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I M I88 93 2 58 57 26 426 26 75 I75 7 
2 M I88 84 7 54 47 20 403 28 80 I63 3 
3 F I67 87 3 50 32 I5 299 25 72 I58 8 
4 F I69 59 4 49 30 I7 33I 26 7 I I44 8 
5 M I8I 86 3 60 47 23 453 3 I 76 I78 8 
6 M I9I 115 0 59 67 32 648 3 I 8 I 211 6 
7 F I7I 72I 47 23 I4 269 22 68 138 6 
8 F I66 67 3 48 27 I6 353 24 69 I42 3 
9 M I73 86 8 57 47 2I 411 24 7 I I68 3 
IO F I63 65 0 47 30 I4 275 24 69 I47 I 
M+F 175.7 81.7 5.2 4.7 20.1 397 2.6 7.-t 162.9 
± 10.4 ± 16.2 ±0.5 ± 1.9 ±6.6 ±76 ±0.3 ± 0.5 ±22.2 
Mean M 184.2 93.1 5.8 5.3 24.4 468 2.8 7.7 179.5 
±7.3 ± 12.4 ±0.2 ±0.9 ±6.6 ±102 ±0.3 ±0.4 ± 18.9 
F 167.2 70.2 4.8 2.8 15.2 305 2.4 7.0 146.3 
±3.0 ± 10.6 ±0.1 ±0.4 ± 1.3 ±36 ±0.1 ±0.5 ± 7.7 
Subjects were made fully aware in writing of all expenmental details (mcluding 
discomfort, demands on time, measurements to be taken and all other procedures) 
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Before parttctpating each subject was required to complete a form of consent and a 
Human Thermal Environments Laboratory 'health screen for study volunteers' (see 
appendix) which provtded more mformation regardmg the subjects' fitness to take 
part in the study Potential subjects were excluded from the study if they had in the 
past suffered frost-btte, any other related cold inJunes or suffered from vascular 
dtsease 
2.2 Protocol 
Each subject touched, wtth the 1" phalanx of the index finger of the non-dominant 
hand, blocks (9 5 x 9 5 x 9 5cm) of four different materials (aluminium, stainless 
steel, nylon and mahogany wood) whtch were selected to represent a wide range of 
thermal properties as detatled in Table 2 2 (properttes of materials were tested by 
VTT, Finland, June 14, 1999) The thermal properttes are expressed in terms of 
thermal penetration coefficient (b) (BSI 1978, Yoshida et al. I 989) and is defined as 
where k is thermal conductivtty ( W•m -t • K ·I ), p ts denstty ( Kg•m -J ) and c ts 
spectfic heat ( J•Kg -t •K ·I) 
Table 2.2. Thermal properties of the materials tested 
Denstly Thermal Specific Thermal Thennal Material Conductmty Heat (mass) DiffusiVIty Penetration (p) (k) (c) (a=kp-•c-1) coeffictent 
Kg m·3 wm·• K'' J Kg·• K'' 10-<> m' s·• Jm'2 s·"' K'1 
Alummmm 2770 180 900 28 80 21180 
Steel 7750 14 8 461 420 7270 
Nylon 1200 034 1484 0 19 780 
Wood 560 022 2196 0 18 520 
The materials were touched while exertmg contact force levels of 1 ON, 2 9N and 
9 8N The material surface temperatures to be used were derived from ptlot studies 
conducted at partner mstitutions (National Instttute for Working Life, Sweden, 
Universite Catholique de Louvian, Belgium, TNO Human Factors Research Institute, 
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The Netherlands). This data provided information on the expected cooling speeds and 
safe temperatures for a range of materials. Based on this data the conditions were 
designed such that frost-nip risks were minimal and the skin cooling was slow 
enough to be controlled. The experimental conditions and expected cooling speeds are 
detailed in Table 2.3. 
Table 2.3. Experimental conditions for test materials and expected cooling speeds 
+5°C -4°C -10°C -17oC -25°C -35°C 
Aluminium ./ ./ ./ ./ 
teeJ ./ ./ ./ ./ 
Nylon ./ ./ ./ ./ 
Wood ./ ./ 
(r 70LE1' Very slow, BLl 'L Slow, IEAL Fast, /U~IJ Veryfa.\t) 
2.3 Cool-box 
In order to maintain the test materials at the required surface temperatures, a cold-box 
was developed for the study. For this purpose a domestic freezer was modified, by 
creating an access hole and window in the door, and using a P.T.D temperature control 
module to over-ride the existing thermostat, thus allowing the freezer to regulate at 
lower temperatures (below -35°C) and with greater accuracy and stability (±0.5°C). 
Materials were placed on a balance tray inside the cold-box in order to allow different 
and measurable touching force levels to be obtained. Due to the difference in densities 
of the materials tested and the touching force level required, appropriate 
compensation weights were added to the balance tray. Subjects regulated the contact 
pressure using feedback provided by three indicator lights (too low, correct, too high). 
2.4 Subjective measures 
Note: See Chapter 1+2 for specific details 
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Thermal and pain sensatiOns were recorded for all subjects throughout each exposure 
usmg the thermal sensation scale detailed in Table 2 4 and the pain sensation scale 
detailed m Table 2 5 Baseline vote was recorded before each exposure - this was 
reqmred to be "no pain" for the exposure to begm, thermal sensatiOn baseline varied 
but was required to be no cooler than "slightly cool" Subsequent sensatiOns after 
mttlal contact were continuously recorded - the participant informmg the 
experimenter upon each occasiOn pain and thermal sensation was perceived to change 
A stop watch was started upon initial finger contact with the cold material and the 
ttmes at whtch these changes occurred were recorded The participants were asked to 
provtde the perceptions of the fingertip in contact with the material and not the hand 
as a whole The expenmenter repeated the current subjective sensations to the 
participant approximately every 30 seconds 
Table 2.4. Thermal sensation scale Table 2.5. Pain sensation scale 
Vote Description Vote Description 
+1 Slightly warm 0 Nopam 
0 Neutral 1 Slightly painful 
-1 Slightly cool 2 Painful 
-2 Cold 3 Very painful 
-3 Very cold 4 Intolerable pain 
-4 Very, very cold 
2.5 Objective measures 
Note See Chapter 2 for specific details 
In order to obtam objective measures to complement the subjective measures 
previously detailed, skin cooling was measured, momtored and recorded 
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2.5 I Skm Coolmg 
For the purpose of measuring skm contact coohng, T-type thermocouples 
( copper/constantan) of 0 2mm diameter were attached to the dorsal side of the 1" 
phalanx of the index finger of the non-dommant hand using '3M Blenderm' surgical 
tape The base of the sensor tip was attached to the finger just below the 1" phalanx, 
allowmg the sensor to be totally exposed to the skin surface on one side, and the 
touched surface on the other without tape in between This measured the effective 
temperature between the skin and the matenal surface - the 'contact temperature' 
2 5.2 Momtormg 
The local skin coohng of the contact area was monitored using a WorkBench PC for 
Windows 3 00 15 programme in conJunction with a 16-bit Strawberry Tree 
DATAshuttle™, model DS-16-8-TC-AO (Strawberry Tree Inc, Sunnyvale, CA, 
USA) The program was designed to meet the monitonng system requirements of the 
study Skin cooling measurements displayed graphically and digitally, all data 
recorded for further analysis, pomt of contact of finger with material marked, 
withdrawal pomt distmguishable (based on expenmental cnteria) 
2.6 Withdrawal criteria 
Withdrawal cnterion was the occurrence of one of the followmg a contact 
temperature of 0 5°C, a typical sensation of frostnip about which subjects were 
instructed (buming/tmgling), a sensation of intolerable pam ( 4 = "Intolerable pain"), 
or any other reason for which the subject perceived withdrawal to be necessary 
2. 7 Experimental design 
All of the materials were tested over six separate sessions for each subject, the 
material and touching force level presentations were balanced such that the effect of 
order was avoided The order of the materials tested during each session was 
alternated between groups See Table 2 6 
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The order in which the contact force levels were presented was randomized, by 
assigning the stx possible combinatiOns of force levels to a particular session number 
These are detatled in Table 2 7 
Table 2.6. Balanced experimental design [where box number represents order which 
each group tested a particular temperature, material symbols (AL = Alummium, SS = 
Stainless Steel, NY =Nylon, WD =Wood) represents order m which materials were 
presented for each session] 
+5"C -4"C -10"C -17"C -25"C -35"C 
Group A 4 SS,AL 5 AL,SS 1 SS,NY,AL 6 NY,SS,AL 2 NY,WD 3 WD,NY 
GroupB 5 AL,SS 6 SS,AL 2 AL,SS,NY 1 NY,AL,SS 3 WD,NY 4 NY,WD 
GroupC 3 AL,SS 4 SS,AL 6 NY,SS,AL 5 AL,SS,NY 1 WD,NY 2 NY,WD 
GroupD 2 SS,AL 3 AL,SS 5 NY,AL,SS 4 SS,AL,NY 6 NY,WD I WD,NY 
Table 2. 7. Order of pressure presentation 
Session number Force level order 
1 2 9N, 1 ON, 9 8N 
2 9 8N, 1 ON, 2 9N 
3 2 9N, 9 8N, 1 ON 
4 1 ON, 2 9N, 9 8N 
5 9 8N, 2 9N, 1 ON 
6 1 ON, 9 8N, 2 9N 
2.8 Procedure 
Subjects rested for a period of 30 minutes in an air-conditioned preparatiOn room 
(used to achieve the desired thermal environment) Each subject was asked to rate his 
or her whole-body thermal sensation on a Predtcted Mean Vote (PMV) scale (ISO 
7730, 1994) These votes were taken every 5 minutes, and the environmental 
conditions inside the room were adjusted in order to induce the desired PMV of -1 
(slightly cool) The mean conditions of the preparation room were T a = 19 1 ± 1 1 "C, 
Rh = 44 1 ± 4 8% A PMV of -1 was reqmred in order to achieve a basehne state of 
slight vasoconstriction Clothing insulatiOn was standardtsed at around 0 4-0 5 clo 
(cotton underwear, socks and t-shtrt, Jeans and tramers/shoes) 
Once instrumented, subjects were asked to touch with the 1 '' phalanx of the mdex 
finger of the non-dominant hand, a particular material block with a particular pressure 
at the specific test temperature They continued to touch the block until one or more 
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of the withdrawal criteria was met, upon which the subject withdrew their hand from 
the cold-box. The contact cooling data observed during the exposure was saved to a 
PC at a sample rate of 5Hz (one reading every 0.2 of a second). Tn order to minimise 
deviation in starting skin temperatures the hand was thoroughly re-warmed before the 
next exposure could be conducted. This was achieved by either immersing the hand 
(gloved) in a warm water bath (no warmer than 25°C) - this method was used after 
longer or very cold exposures, typically when nylon and wood were tested; or placing 
the hand under the armpit - generaJiy after testing metals. 
2.9 Calibration 
Note: ee Chapter 2 for specific details 
All of the thermocouples used for the study were calibrated using the technique 
described in Chapter 2. Figure 2.1 shows an example of the sensor being calibrated at 
stable air temperatures of approximately -5°C, 0°C and +5°C. The coloured plots 
represent thennocouple readings and the dashed black line represents the Briiel & 
Kjrer calibration air temperature sensor. Time constants of the sensors were also 
checked and recorded for changing temperature within the range that the sensors were 
used. 
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Figure 2.1. An example of stable temperature calibration, coloured 
plots representing thermocouple readings, dashed black line 
representing calibration sensor readings 
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As can be seen from Figure 2. 1, the deviation of the thermocouples from the 
calibration sensor was minimal for all stable temperatures, this was also the case for 
changing temperature. All of the thermocouples used in the study were found to be 
accurate when calibrated (within ±O. l0 C). 
2.10 Analysis 
The data collected was analysed using analyses of variance and eo-variance studying 
the relationships between individual parameters (e.g. material, finger contact force, 
surface temperature etc.) and cooling time. All analyses was performed using the 
statistical software package SYST AT (Systat Inc., Evanston, IL, USA). For 
significance, pSO.OS was accepted. 
Ln order to express comparisons between groups of data in terms of distribution, "box 
and whisker" plots were also used . The box plots consist of a lower "hinge" which 
represent the 25% percentile value, an upper "hinge" which represents the 75th 
percentile and in between the median. The "whiskers" of the plot represent the 
" fence" range of values that fall within 1.5 times the value between the appropriate 
" hinge" and the median. Any values falling outside the " fence" range but falls with.in 
3 times the value between the appropriate " h.inge" and the median are represented by 
an asterisk (*). Any va lue falling outside of this range is represented by an empty 
circle (o) and are termed "outliers". 
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3. Results 
3.1 Pain 
3. 1.1 Onsel of pain 
Pain or no pain? 
In conditions where skin cooling was fast (i.e. duration < - 15 seconds) due to the 
thermal properties ofthe material and the temperature at which the material was being 
tested, cold-induced pain was rarely recorded. Therefore these fast cooling conditions 
(AJuminium and Stainless Steel al - 10°C and - 17°C) were excluded from the 
analysis. For the remaining I 0 conditions, pain did not occur in 60 cases out of 300, 
giving 240 exposures where cold-induced pain was experienced. 
The onset of pain was detem1ined as the point at which the pain vote was no longer 
"no pain" (pain vote = 0). ln the vast majority of cases (224/240, 93 .3%) this was a 
change to a pain vote of ((slightly painful " (pain vote = 1 ). However on occasion this 
would be a change to a pain vote of ''painful" (pain vote = 2) (11/240, 4.6%), or a 
change to a pain vote of"very painful" (pain vote = 3) (5/240, 2. 1%). 
Onset of pain as a fimction of time and contact temperature (Fe) 
The mean times and mean contact temperatures at which the onset of pain occurred 
for each condition are detailed in Table 3. 1. 
Table 3.1. Mean times and Tc at which the onset of pain occurred 
AL, +5°C SS, +5°C AL, -4°C SS, -4°C NY,-10°C NY,-17°C 
Time (secs) 33.6±12.7 53.9±21 .6 22.2±10.7 21 .5±16.3 112.6±57.5 75.5±40.1 
Tc (0 C) 5.0±1.5 7.4±1 .0 2.7±3.8 3.6±2.7 14.0±3.5 11.7±3.0 
NY,-25°C WD,-250C NY,-35°C WD,-35°C Overall 
Time (secs) 81.9±47.4 113.2±54.1 61.4±37.5 101.5±40.4 67.7±35.1 
Tc (0 C) 9.7±1.9 12.1±2.8 7.2±1 .8 11 .9±2.9 8.5±3.9 
Studying these results, it is apparent that the cooling speed elicited by the thermal 
properties of the material and the temperature at which they are tested had a 
considerable affect on both the time taken for the onset of pain and the contact 
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temperature at which this pain onset occurred. For slower cooling conditions, for 
example Nylon at - 1 0°C, the time taken for pain onset would be longer (approaching 
2 minutes) and the temperature at which this occurred would be higher (12-14°C). As 
the coo)jng speed increases, i.e. a lower surface temperature or greater thermal 
properties of a different materia~ the time taken for pain onset would be shorter and 
the temperature at which this occurs would be lower, for example Nylon at - 35°C (:I 
minute, 7-8°C). 
The effect of surface temperature 
When separated by material an analysis of variance (ANOVA) showed that a change 
in surface temperature has a varying effect on pain onset depending upon the thermal 
properties of the material and therefore the extent by which the cooling speed has 
increased. In the case of wood, a change in surface temperature from -25°C to - 35°C 
did not cause a sufficient increase in finger coooog speed to affect the time (p=0.333) 
(see figure 3. 1) or Tc (p=0.955) at which the onset of pain occurred. Changes in 
surface temperature for nylon showed a highly significant effect on the time 
(p=O.OOl) and Tc (p<O.OOI) at which the onset of pain occurred when comparing -
25°C and - 35°C, but not - 25°C and - 17°C (p=0.301). It was a similar case for 
changes in surface temperature of stainless steel (p<0.001) for time (see figure 3.2) 
and Tc ofpain onset (p<O.OOl). Changes in surface temperature of aluminium showed 
a significant effect on pain onset time (p=0.038) and a strong trend was evident for Tc 
of pain onset (p=0.058). 
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Fig 3.1. A box plot showing the 
effect of surface temperature on pain 
onset time for wood 
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The effect of material 
When separated by surface temperature, an analysis of variance (ANOVA) showed 
the effect that a change in thermal properties of a material had upon the cooling speed 
of the finger for the appropriate condition and the resultant effect this had on the time 
and Tc at which pain onset occurred. At a surface temperature of - 35°C, a change in 
thermal penetration coefficient of the material to which the fingertip was exposed, 
from 520 Jm-2 s"112 K 1 (wood) to 780 Jm-2 s"112 K 1 (nylon), produced a significant 
effect on pain onset time (p=O.OOI) and Tc(p<O.OOI) (see figure 3.3). 
Material 
Fig 3.3. A box plot showing the effect of 
material on pain onset Tc at a surface 
temnerature of - 15°C: 
0 
ro 
c 
o a ~----~------_.------~ 
u s·s AL 
Material 
Fig 3.4. A box plot showing the effect of 
material on pain onset Tc at a surface 
temnerature of-4°C: 
At a surface temperature of - 25°C the same change in thermal properties of the 
surface touched had a similar effect on time (p=0.018) and Tc (p<O.OOI) at which 
pain onset occurred. A change in thermal penetration coefficient of the material 
touched from 7270 Jm-2 s·112 K- 1 (stainless steel) to 21180 Jm-2 s·112 K"1 (aluminium) at 
a surface temperature of +5°C had a significant effect on pain onset time (p=0.004) 
and Tc (p<O.OO I). At -4°C no significant effect was found in the change in material 
(aluminium to stainless steel) of the exposure (see figure 3.4). Pain only occurred in 
the nylon exposure at - 1 0°C and - l7°C, therefore no effect of material on pain onset 
time and Tc could be observed at these temperatures. 
The effect of pressure 
Changing the contact pressure of the finger touching any cold material at any surface 
temperature was not found to have a significant effect on the time or Tc at which the 
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onset of pain occurred. The examples detailed in figures 3.5 and 3.6 show the overall 
effects of pressure on pain onset responses, this effect is similar for all conditions and 
no consistent effect of pressure on pain onset was found for any of the conditions 
tested. 
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Fig 3.5. A box plot showing the effect 
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Intolerable pain was defmed as occurring m the condjtions where participants 
withdrew from the exposure due to a pain vote of "intolerable pain" (pain vote = 4). 
Due to the cooling speed of aluminium other withdrawal criteria were met before 
intolerable pam was reached (only occurring in 2 out of 120 exposures whilst 
touchillg this material), therefore this material was not included in tb.is particular 
analysis. This was also the case with stainless steel (3 cases out of 120) and nylon at a 
surface temperature of l0°C (5 cases out of 30). A ceiling of 5 rnmutes was 
introduced to the remaining 150 exposures, those that experienced intolerable pain 
above this ceiling were also excluded from analysis. Mean times and Tc for each 
condition is detailed in Table 3.2. 
Table 3.2. Mean times and Tc at wbicb the pain intolerance was reached 
NY,-17°C NY,-25°C WD,-25°C NY, -35°C WD,-35°C Overall 
Time(secs) 180.1±56.8 212.6±46.4 226.9±45.7 130.3±53.7 209.7±39.6 197.8±46.5 
Tc (0 C) 7.9±2.3 5.2±2.0 7.2±2.8 4.0±1 .8 7.4±2.4 6.5±1.8 
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Instances of intolerable pain 
Table 3.3 shows the number of instances that intolerable pam was experienced 
compared the total number of exposures recorded for that condjtion. It can be 
observed that the number of instances that intolerable pain was experienced seemed to 
generally increase with the cooling speed of the condition tested. Cooling of speed of 
condition was detennined by mean time to reach a finger-pad contact temperature of 
7°C (T7). See Table 3.8. 
Table 3.3. Number of instances of intolerable pain for each condition analysed 
NY-l7°C WD - 25°C WD - 35°C NY-25°C NY-35°C 
12/30 15/27 16/27 18/30 18/30 
Cooling speed increasing 
The effect of surface temperature 
When separated by material, an analysis of variance (ANOV A) showed that a 
difference in surface temperature has a distinct effect on time and Tc at which 
intolerable pain occurs. It appears that the contact temperature at wruch intolerable 
pain occurs is similar within a range of surface temperatures for both nylon and wood. 
For wood, a difference in surface temperature from - 25°C to - 35°C has no significant 
effect on the Tc (p=0.609) or the time taken to reach tills Tc (p=0.392) at which the 
threshold of pain tolerance occurs. 
For nylon. a difference in surface temperature from - 25°C to - 35°C has a signH'icant 
effect on the time to reach pain intolerance (p<O.OOl), but not a significant effect on 
the Tc at which this point occurs (p=0.079). Conversely, for a difference in surface 
temperature from - 25°C to - l7°C there is no significant effect upon the time taken to 
reach pain intolerance (p=0.2 1 6), but there is a significant effect upon the Tc at which 
pain intolerance occurs at this surface temperature (p=0.004). It is suggested that the 
5-minute ceiling introduced for the analysis compresses the mean pain intolerance 
times for slower cooling (and therefore longer) exposures as times occurring after 300 
seconds are excluded from the analysis. 
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The effect of material 
When separated by surface temperature, an analysis of variance (ANOV A) showed 
that a difference in the thermal properties of the material being touched has a greater 
effect at a colder temperature. Only a comparison between nylon and wood could be 
analysed, these were the only two materials that induced intolerable pain sensations as 
they were being tested at very low temperatures. 
6 15,..-----,.-----,.-------, 
-
-35 -25 
Surface temperature (C) 
Fig 3. 7. A box plot showing tbe 
effect of surface temperature on the 
Tc for pain intolerance for wood 
~ 
i= 0'-----'-----'------' 
-35 -25 
Surface temperature (C) 
F ig 3.8. A box plot showing the effect 
of surface temperature on the time 
taken for pain intolerance for nylon 
At a surface temperature of - 35°C, a change in thermal penetration coefficient of the 
material to which the fingertip was exposed, from 520 Jm"2 s"112 K"1 (wood) to 780 Jm· 
2 
s"
112 K 1 (ny lon), produced a significant effect on pain intolerance time (p=O.OO I) and 
Tc (p<0.001) (see figure 3.9). At a surface temperature of - 25°C, material did not 
have a significant effect on the Tc at whjch pain intolerance occurred (p=O.l44) or the 
time taken to reach this point (p=0.517) (see figure 3.1 0). 
The effect of pressure 
Changing the contact pressure of the finger touching any cold material at any surface 
temperature was not fo und to have a significant effect on the time or Tc at which the 
pain intolerance occurred. The examples detailed in figures 3.1 1 and 3. 12 show the 
overall effects of pressure on " intolerable pain" responses, this effect is similar for all 
conditions and no consistent effect of pressure on pain onset was found for any ofthe 
conditions tested. 
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The development of pain was investigated as both a function oftime and as a function 
of contact temperature, these functions for all exposures are shown in figures 3.13 and 
3.14. 
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Fig 3.15. The development of pain plotted as a function of contact temperature (Tc) and time 
Jt can be seen that once the onset of pain occurs, the development of pain over time 
and as skin temperature decreases appears linear. The manually drawn linear function 
through the medians is extrapolated back to the theoretical point of pain onset (i.e. 
pain votes ceases to 0 - "no pain") this point is associated with a skin temperature of 
J 1 °C and a finger contact exposure time of approximately 20-25 seconds. However, 
as discussed previously, the time and Tc at the point of pain onset and logically the 
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remainder of the pain scale (as the relationship is linear) is affected by the skin 
cooling speed induced by the condition which is defined by materiaJ and surface 
temperature. 
In order to investigate tills further the development of pain was plotted as a function 
ofboth time and Tc concurrently. This is shown in figure 3.15. 
Looking for example, at the points for pain vote = 1 (slightly painful), the general 
tendency is clear: For short exposures, the related Tc is low. When exposures become 
longer in duration (higher points on graph) the Tc for this particular pain vote 
becomes higher too. However, for more intense sensations of pain, "very painful" and 
"intolerable pain", it can be seen that the majority of these are experienced after the 
longer exposure times and at warmer skin temperatures associated with slow skin 
cooling. 
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Further evidence of the direct inlluence of cooling speed of the condition upon both 
the time taken to reach a pain vote and skin temperature at which it occurs at. is the 
strong correlation between time and Tc. This is shown for each pain sensation (1 
through 4) in figure 3.16 to figure 3. 1 9 the longer the time taken to reach a given pain 
vote, the warmer the contact temperature, suggesting a slower cooling rate. 
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3.2 Thermal Sensation 
3. 2.1 "Onset" of thermal sensation 
Baseline thermal sensation (IS) votes 
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The baseline thermal sensation votes for all exposures are all described in figure 3.20. 
It can be seen that in the vast majority of cases these are either '11eutraJ" (thermal 
sensation vote = 0) or "slightly cool" (thermal sensation vote = 1 ), the split between 
these two votes were exactly half and overall contributed 123/299 (40.1 %) each to the 
overall number of baseline votes. The remainder of cases were either votes of 
"slightly warm" (pain vote = +1) - (37/299, 12.4%) or "cold" (pain vote = -2) -
(16/299, 5.4%). 
Total number of each lhermal sensa/ion vote throughout all exposures 
The total number of each vote throughout all exposures is detailed in figure 3.21. By 
comparing figures 3.20 and 3.21 , it can be deducted that all of the "slightly warm' 
votes (TS vote = + 1) were baseline votes and that only 11 of these 3 7 baseline votes 
passed through a sensation of "neutral" (TS vote = 0). The remainder skipped this 
sensation straight to a sensation of "slight ly cool" (TS vote = -1) - (none of the 2~ -, 
recorded exposures ended in a final thermal sensation of "slightly warm''). It was 
quite common for participants to skip a sensation i.e. from - l "slightly cool" to - 3 
CHAPTER 7- Subjective responses 213 
Ill 
Q) 
0 
> 
0 
~ 
E 
::J 
z 
' very cold", this was especially apparent in faster cooling conditions. As the thermal 
sensation vote becomes colder i.e. - 3 ''very cold' and -4 "very, very cold" the 
number of instances that this vote is experienced becomes less, it was found that these 
predominantly occur in the slower cooling conditions. 
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Fig 3.21. A frequency graph 
showing the total number of each 
vote throughout all exposures 
UnJike pain, the baseline votes varied considerably within and between participants, 
therefore the first change in thermal sensation ("onset") was not the same. For the 
purpose of analysis. ' onset" of thermal sensation change was defined as the first 
change in thermal sensation from the given baseline vote for that condition. Of the 14 
different exposure conditions 4 were excluded from analysis due to the fast nature of 
the cooling elicited by these particular conditions. These were Aluminium and 
Stainless Steel at - 10°C and -17°C. The speed of cooling for these conditions were 
such that the physiological withdrawal criteria were met before any changes in 
thermal sensation vote was experienced. The data presented in Table 3.4 show the 
mean times and contact temperature for each thermal sensation vote for each 
condition excluding the baseline votes and Figure 3.22, 3.23, 3.24 and 3.25 shows the 
frequency of each sensation (maximum of 30) vote for each material at the 
temperatures they were tested. If less than 5 responses were recorded in the 30 
exposures for any condition, that condition was excluded from analysis and are 
denoted by a shaded area in the figures. 
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Table 3.4. Mean times and Tc for each thermal sensation vote excluding baseline 
votes under each condition tested 
-1 -2 
Condition Slightly Cool Cold 
Time Tc 
(s) (oC) 
AL, +5°C 35.9 6.4 ±22.2 ±2.0 
ss, +5°C 36.5 8.4 
±23.9 ± 1.3 
AL, -4°C 16.0 3.4 
±5.0 ±3.7 
SS, -4°C 16.5 3.8 ±6.9 ± 1.9 
NY,-10°C 33.3 16.8 
±24.6 ±2.8 
NY,-l7°C 38.0 14.3 ±24.7 ±2.0 
NY,-25°C 41.6 11.0 ± 13. 1 ± 1.4 
WD,-25°C 42.3 15.5 ± 16.9 ±3.3 
NY,-35°C 56.5 7.6 ±35.3 ± 1.8 
WD,-35°C 58.0 13.9 
±4 1.7 ±3.4 
30 
20 
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Time 
(s) 
55.7 
±26.8 
80.5 
±2 1.4 
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30.0 
± 15.6 
87.0 
±37.1 
80.4 
±47.8 
82.7 
±46.5 
107.2 
±41.6 
60.0 
±41 .2 
100.9 
±50.9 
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Fig 3.22. A frequency graph showing 
the number of votes for each thermal 
sensation for Aluminium 
Tc 
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4.8 
± 1.8 
7. 1 
±0.8 
3.0 
±2.8 
3.0 
±2.0 
14.8 
±2.6 
12. 1 
±2.6 
10.0 
±2.4 
12.6 
±2.8 
7.0 
±2.3 
11.8 
±3.0 
-3 -4 
Very Cold Very, Very Cold 
Time Tc Time 
(s) (°C) (s) 
- - -
11 3.2 6.0 
-
±39.3 ±0.6 
- - -
40.7 2.7 
-± 14.7 ± 1.5 
160.0 12.2 236.7 
±44.9 ±2.4 ±73.9 
127.6 9.6 173.0 
±50.3 ±2.9 ±55.8 
123.0 8.0 178.4 
±56.6 ± 1.8 ±54.5 
170.9 10. 1 229.4 
±57.6 ±3. 1 ±70.9 
91.8 5.6 107.3 
±48.3 ±2.3 ±46.3 
154.9 9.8 198.3 
±56.1 ±2.7 ±57.8 
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Fig 3.23. A frequency graph showing 
the number of votes for each thermal 
sensation for Stainless Steel 
• -4 oc ~ Excluded from analysis 
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"Cooling speed" of a given condition is dictated by the thermal properties and surface 
temperature of the material touched. Those materials with higher thermal penetration 
coefficients (i.e. aluminium and stainless steel) elicit a faster rate of skin cooling than 
those oflower thermal penetration coefficients (i.e. nylon and wood). Withffi material, 
the lower the surface temperature the faster the rate of skin cooling. An overall order 
of "cooling speed' for the conditions tested in the present study is given in terms of 
times to reach a finger-pad contact temperature of7°C (T7) and is given in Table 3.8. 
From Figures 3.22 to 3.25 it can be seen that colder thermal sensations are associated 
more with s lower cooling conditions i.e. materials of lower thermal penetration 
coefficients (nylon and wood) when compared to materials of higher thermal 
penetration coefficients (aluminium and stainless steel). 
It can also be seen that at a given temperature, a decrease in the thermal penetration 
coefficient, thus giving a slower cooling rate ofthe surface of the material touched by 
the participant, increases the frequency of colder thermal sensation votes. 
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The effect of ~illface temperature 
When separated by material , an analysis of variance (ANOVA) showed that surface 
temperature of the material being touched had a considerable effect on the thermal 
sensation experienced by the participant. The data was analysed by investigating the 
times and contact temperatures (Tc) at which changes to a particular thermal 
sensation occurred (i.e. baseline votes excluded). The p-values for each thermal 
sensation are detai led in Table 3.5. 
Only changes to votes of"slightly cool" and "cold" were analysed for Aluminium due 
to the fast rate of cooling, similarly onJy changes to these votes and changes to a vote 
of "very cold" were analysed for Stainless Steel. Changes to all votes were 
investigated for Nylon and Wood. 
Table 3.5. The significance levels of the effect of surface temperature on times and 
Tc at which changes in thermal sensation occurred for the four materials analysed 
Material -1 -2 -3 -4 
(Testing Slightly Cool Cold Very Cold Very, Very Cold 
Temperature) Time Tc Time Tc Time Tc Time Tc 
AL o.os· o.ou· o.oos· 0.087 
- - - -(+S"C. -I"C) 
ss 0.003' <0.001 ' <0.001' <O.OOf 0.006' 0.001' - -(+S"C. -4"C) 
NY 
(-I O"C,-17"C, 0.08 <O.OOJ . 0.103 <0.001. 0.001' 0.004' <O.OOJ . <O.OOJ' 
-25"C,-35"C) 
WD 
( -2S"C,-3S"C) 0.485 0.785 0.584 0.370 0.459 0 .694 0. 137 0.660 
The surface temperature of the material exposure had a significant effect upon the Tc 
at which changes to aJ I thermal sensation votes tested occurred for all materials except 
the changes to "cold" for Aluminium and the changes to aJI thermal sensation votes 
for Wood. 
The surface temperature of the material exposure had a significant effect upon the 
time at which changes to all thermal sensation votes occurred for Aluminium and 
Stainless Steel. The time at which changes to "slightly cool" and "cold" occurred 
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were insignificant for Nylon, but changes to "very cold" and "very, very cold" were 
significant. Within the four temperatures tested for Nylon a large change in surface 
temperature from - 35°C to - 10°C had a significant effect (p<O.OOl), however small 
changes (e.g . - 17°C to - I0°C) were not significant. For Wood, the time at which 
changes to all thermal sensation votes occurred were not sig nifi cant. 
The effect of material 
When separated by surface temperature, an analysis of variance (ANOV A) showed 
that the thermal properties of the material being touched had a considerable effect on 
the thermal sensation experienced by the participant. The data was analysed by 
investigating the times and contact temperatures (Tc) at which changes in thermal 
sensation occurred (i.e. baseline votes excluded). The p-values for each thermal 
sensation are detailed in Table 3.6. 
Changes to thermal sensations of "very co ld" and "very, very cold" were not included 
in the analysis for +5°C and -4°C as the physiological withdrawal criteria (i .e. skin 
temperature) was reached before these sensations were experienced due to the cooling 
speed of the materials tested at these temperatures. 
Thermal properties of the material touched had a significant effect upon the Tc at 
which all thermal sensations occurred at +5°C and -35°C, this was also the case for 
all thermal sensations at -25°C except that of "slightly cool" . Material had no 
significant effect upon the Tc at which any thermal sensations occurred at -4°C. 
The time taken for changes in thermal sensation were signifi cantly affected by 
material thermal properties for the colder end of the scale ("very cold" and "very, 
very cold") at - 25°C and all thermal sensation votes at - 35°C except "slightly cool". 
The time taken to reach "cold" at +5°C was significantly affected by material but not 
the time taken to reach "slightly cool" . At -4°C, material had no significant effect on 
the time taken to reach any thermal sensation vote. 
CHAPTER 7 - Subjective responses 218 
-(/) 
.......... 
~ 
-0 
!Y 
c: 
0 
0 
The effect of pressure 
Changing the contact pressure ofthe finger touching any cold material at any surface 
temperature was not found to have a consistent ly significant effect on the time or Tc 
at which any thermal sensation vote occurred for any of the conditions tested. 
Examples are detailed in figures 3.26 and 3.27. 
Table 3.6. The significance levels for the effect of material on times and Tc at which 
changes in thermal sensation occurred for the 4 surface temperatures analysed 
Temp. -1 -2 -3 -4 
(Testing Slightly Cool Cold Very Cold Very, Very Cold 
Mmerial) Time Tc Time 
+5°C 
(AL vs. SS) 0.896 0.001" 
0.003. 
-4°C 
(AL vs. ) 0.696 0.445 0.352 
-25°C 0.954 0. 143 0.065 (NY vs. WO) 
-35°C 
(NY vs. WD) 0.646 
<0.001. o.oot· 
200r-----r-, ----~.----~,r-----, 
150 I'"" 
1 1 
-
100 - -
Tc 
<0.001 . 
0.340 
o.oof 
<O.oot · 
~ 
:::J 
Cii 
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~ 10 
$ 
-0 
!Y 
Time 
-
-
o.oos· 
<0.001. 
Tc Time Tc 
- - -
-
-
-
0.005" O.Olt" 0.03( 
<0.001. <0.001. <0.001 . 
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Contact Pressure (N) 
Fig 3.26. A box plot showing the effect 
of contact pressure on time taken for a 
thermal sensation of"cold" for Nylon at a 
surface temperature of -25°C 
Contact Pressure (N) 
Fig 3.27. A box plot showing the effect 
of contact pressure on the Tc required for 
a thermal sensation of "cold" for Nylon at 
a surface temperature of- 25°C 
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3.2.2 Development of thermal sensation 
The development ofthermaJ sensation was investigated as a function ofboth time and 
contact temperature; these functions for aU exposures are shown in figures 3.28 and 
3.29. 
0 
~ 
c: 
0 
() 
-4 -3 -2 -1 0 
Thermal sensation 
Fig 3.28. A box plot showing the 
development of thermal sensation as 
a function of skin temperature (Tc) 
-4 -3 -2 -1 0 2 
Thermal sensation 
Fig 3.29. A box plot showing the 
development of thermal sensation 
as a function of contact time 
Note (Fig 3.28, 3.29): Red dotted line is the manually drawn linear function 
through medians excluding baseline votes. Black solid line is manually 
drawn non-linear function through medians including baseline votes 
When including baseline votes the function appears non-linear, however this is not 
genuinely an analysis of the development of thermal sensation. The non-linearity is 
exaggerated if not created by the baseline votes which are included in the data, 
particularly that of"slightly cool" (TS vote = -1) where 121 of the 299 data points are 
baseline votes. By removing the baseline votes a more linear relationship is apparent, 
we are thus analysing the data corresponding to changes in thermal sensation onJy. 
As stated earlier the contact temperature and the time taken for each thermal sensation 
vote is hjghJy effected by the cooling speed of the condition, which is dictated by the 
thermal properties and the surface temperature of the material touched. 
In order to investigate thls further the development of pain was plotted as a function 
ofboth time and Tc concurrently. This is shown in figure 3.30. 
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Fig 3.30. The development of thermal sensation (TS) plotted as a function of contact 
temperature {Tc) and time 
The effect of cooling speed of the condition can be clearly seen. A certain thermal 
sensation vote that occurs after a short lapse of time after initial contact requires a far 
cooler skin contact temperatures (i.e. a faster cooling condition) than when it occurs 
after a greater lapse of time (i.e. slow cooling condition). It appears that a material 
that produces slow skin cooling when touched is perceived as being colder at the same 
skin temperature. 
Further evidence of the direct influence of cooling speed of the condition upon both 
the time taken to reach a thermal sensation vote and skin temperature at which it 
occurs at, is the strong correlation between time and Tc. This is shown for each 
thermal sensation (-1 through -4) in figure 3.3 1 to figure 3.34, the slower the cooling 
speed, the more painful a given skin temperature is perceived. The correlation is not 
as strong for a vote of 'slightly cool" however this may be attributed to be 
representative of the quick cooling of the superficial layer of the skin surface that 
occurs during the initial 5- I 0 seconds of contact under all conditions. 
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Fig 3.33. A scatterplot showing the 
relation between means for Tc and 
contact time taken to reach a thermal 
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contact time taken to reach a thermal 
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Fig 3.34. A scatterplot showing the 
relation between Tc and contact time 
taken to reach a thermal sensation vote 
of"very, very cold" 
3.3 Relationships between pain and thermal sensation 
Pain as a .function of thermal sensation 
The mean thermal sensat ion vote (TS) for each pain vote over all subjects for all 
conditio ns are detailed in Table 3.7. There appears to be a distinct separation between 
the thermal sensation votes associated with pain for metals and those for non-metals. 
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Table 3.7. Mean thermal sensation vote (TS) for aJI participants at each pain 
sensation 
(/) 
ro 
+-' Q) 
E 
I 
c 
0 
z 
Condition 
AL. +5°C 
ss. +5°C 
AL. --l°C 
SS. -4°C 
Mean 
'\) -I O'C 
'<) 
-17 ( 
"--'Y. -.:'~oc 
\VD.-='" C 
:'\Y _;)' c 
WD _ _,,. c 
Mean 
Overall Mean 
TS at TS at TS at TS at 
Pain= I Pain=2 Paju=3 Pam=4 
-0.9 -1.9 
-1.2 -1.8 
-0.9 -1.5 
-1.0 - 1.8 
-1.0 -1.7 
-1.8 -2.3 -2.9 
-1.8 -2.6 -3 . 1 -3.4 
-2. 1 -2.7 -3.3 -3.8 
-2. 1 -2.6 -3.4 -3.8 
-1.5 -2.2 -3. 1 -3.5 
-1.8 -2.4 -3.2 -3.4 
-1.9 -2.5 -3. 1 -3.6 
-1.6 -2.3 -3.0 -3.6 
The mean thermal sensation vote at the point of pain onset for participants touching 
metals is a lmost exactly "slightly cool", for non-metals this is associated with a 
thermal sensation vote of just below "cold". At the point of a pain sensation vote of 
"painful" the mean thermal sensation vote for metals is approaching "cold", for non-
metals it is in between "cold" and "very cold". 
Due to the quick cooling of the metal conditions and the associated low contact skin 
temperatures, physiological withdrawal criteria were met before pain votes of "very 
painfu l" and " intolerab le pain" were consistently reached. For non-metals, the mean 
thermal sensation vote associated with a pain vote of "very painfu l" was slightly 
above "very cold" and the mean thermal sensation vote associated with a pain vote of 
" into lerable pain" was approaching "very, very cold" . 
Overall, the data can also be scrutinised in terms of the development of pain in 
comparison to the development of thermal sensation. After the initial onset of pain the 
manner in which thermal sensation changes with pain occurs in almost exactly equal 
increments. Whilst it is appreciated that the data is of an ordinal scale, this does 
support the earlier suggestion that a linearity relationship exists in the development of 
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thermal sensation over time after the initial change from the baseline vote (see section 
3.2. 1). 
The association between the onset of pain and the initial change in thermal sensation 
from the baseline vote is detailed in Figure 3.35 where the times taken for these points 
to be reached are shown for all conditions. A line is drawn representing a full direct 
corre lation (r2 = 1) between the two variables and it is apparent that whjlst a number 
of points fall along this Line, approximate ly 2-3 times the number of points fall below 
tills line than above. Thjs suggests that for our participants, pain onset occurs after the 
initial change in thermal sensation from the baseline vote. 
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Figure 3.35. A scatterplot showing the 
time taken for the change in thermal 
sensation from baseline vote in relation 
to the time taken for pain onset 
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Figure 3.36. A scanerplot showing the 
time taken for the change in thermal 
sensation from baseline vote separated 
into meta l (red) and non metal (blue) in 
relation to the time taken for pain onset 
Figure 3.36 shows the same data as Figure 3.35 but separated by material type (red -
metals, blue - non-metals). It was observed that for all but 4 of the 83 points 
representing a metal touching condition pain onset occurs slower than thermal 
sensation. However, the same also applies for non-metal touching conditions, but the 
split between incidents in whlch the point of pain onset being slower than that of 
thermal sensation is not as prolific. So despite pain onset seemingly being perceived 
to occur at a warmer point for metals (as shown in Table 3.7), it appears that the first 
change in thermal sensation from the baseline vote occurs before the onset of pain. 
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3.4. Modelling subjective responses using condition as a predictor 
In order to derive optimal predictive equations for a subjective response model, 
stepwise regression was used. The mathematical model used the touching condition as 
a predictor. The three variables defining condition were material, surface temperature 
and finger contact pressure (touching force). As stated earl ier, contact pressure was 
consistently found not to have any significant effect upon any subjective response for 
any condition, or overall, this variable was therefore left out of the regression 
analysis. 
lt was found previously in thjs study (figures 3.16 to 3.19 and 3.3 1 to 3.34) that the 
occurrence of subjective responses in terms of pain and thermal sensation were 
dependent upon cooling speed of the condition, therefore for practical purposes it was 
preferred that the two defining variables of cooling speed (material and surface 
temperature) could be in some way combined to represent condition. A method was 
required to collapse the two axis into one on an interval scale. It was proposed that 
this would be done by representing condition in terms of"cooling speed". Issues to be 
considered when deriving this "cooling speed" included the nature in which the 
cooling of each condition occurred. To address this the shape of the physical skin 
cool ing curves were scrutinised and it was decided that the time taken to reach a 
particular contact skin temperature would be used as parameters. However, this skin 
temperature point must appropriately consider the shape of cooling occurring in all 
conditions tested. The skin temperature point selected was 7°C, this would take into 
account a sufficient amount of skin cooling for all conditions, ranging from both the 
fastest to the slowest skin cooling rate. For the slower cooling conditions a certain 
amount of linear extrapolation was required in order to obtain the time taken to reach 
7°C (see laboratory study I - section 2.8.2 for detai ls). T1 was also used as a 
representative threshold time analysis point (onset of numbness - see chapter 1, 
section 7.5 for details) fo r the European Union cold touchab le surface standard 
(SMT 4-CT97 -2149). 
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The resultant representation of "cooling speed" was therefore the time taken to reach 
a contact skin temperature of 7°C (T7). The mean T7 values for each condition are 
detailed in Table 3.8. 
i 
all 
c 
·~ 
0 
·= l 
!I) 
all 
c 
8 
Table 3.8. Mean cooling times (T7) for all conditions 
Condition Cooling time (T 7) (s) 
AL, -4°C 4.8 
SS, -4°C 5.8 
AL, +5°C 27.5 
NY, -35°C 72.3 
SS, +5°C 112.1 
NY, -25°C 157.1 
WD, -35°C 219.2 
NY, -l7°C 242.5 
WD, -25°C 260.6 
NY, -10°C 384.5 
The subjective response model developed is required to predict times and contact skin 
temperatures (Tc) at which particular pain and change in thermal sensation wiU occur 
using a forward stepwise general linear model approach (GLM: SYSTAT 7.0, 1997). 
The predictive equation derived took the following form: 
TIME to reach PAIN sensation 
Tc to reach PAIN sensation 
= 
= 
TIME to reach THERMAL sensation = 
Tc to reach THERMAL sensation = 
b1 ln (T1) 
b1 ln (T1) 
b1 ln (T1) 
b1 ln (T1) 
Note: Natural logarithm of T1 was used in order to achieve optimal fit. No constant 
was includeded it was not found to have a significantly correlate to the residual 
variance in Time or Tc to reach any of the given thermal or pain sensations. 
The results from the analysis for the predicted times and Tc for each given pain 
sensation are detailed in Table 3.9. The resuJts from the analysis for the predicted 
times and Tc for each given change in thermal sensation are detailed in Table 3.1 0. 
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Table 3.9. Predicted times and contact temperature (Tc) for each given pain sensation 
Condition 1 2 3 4 SlightJy Painful Painful Very Pairtful Intolerable Pain 
T1 
Time Tc Time Tc Time Tc Time Tc Mat, Temp (s) 
_COC) (s) (°C) (s) (°C) (s) coq 
4.8 AL,-4°C 26.2 3.3 40.0 2.7 52.9 2.4 63 .5 2.0 
5.8 SS,-4°C 29.2 3.6 44.6 3. 1 58.9 2.7 70.8 2.3 
27.5 AL,+5°C 54.9 6.8 83 .9 5.7 11 0.7 5.1 133. 1 4.3 
72.3 NY,-35°C 71.0 8.8 108.5 7.4 143.2 6.5 172. 1 5.5 
112.1 SS,+5°C 78.3 9.7 119.6 8.2 157.9 7.2 189.8 6. 1 
157. 1 NY,-25°C 83.9 10.4 128.2 8.8 169.3 7.7 203.5 6.5 
219.2 WD,-35°C 89.4 1 I. 1 136.6 9.3 180.3 8.2 21 6.7 6.9 
242.5 NY,-l7°C 9 1.0 11.3 139. 1 9.5 183.7 8.4 220.7 7. 1 
260.6 WD,-25°C 92.2 11.4 140.9 9.6 186.0 8.5 223 .6 7.2 
384.5 NY,-l 0°C 98.6 12.2 150.8 10.3 199. 1 9. 1 239.2 7.7 
r z (%) 77.9% 92.4% 86.2% 91 .6% 89.2% 90.2% 90.1% 86.8% 
Table 3. LO. Predicted times and contact temperature (Tc) for each g iven thermal sensation 
Condition -1 -2 -3 -4 Slightly Cool Cold Very Cold Very. Very cold 
T1 Mat, Tcm1> 
Time Tc Time Tc Time Tc Time Tc 
(s) (°C) (s) coq (s) (°C) (s) coq 
4.8 AL,-4°C 14.4 3.5 25 .9 3 .3 41.5 2.9 55.9 2.2 
5.8 SS,-4°C 16.0 3.9 28.9 3.7 46.2 3.3 62.2 2.5 
27.5 AL,+5°C 30. 1 7.3 54.3 7 .0 86.9 6.1 1 17.0 4.7 
72.3 NY,-35°C 38.9 9.4 70.2 9.0 112.4 7.9 15 1.3 6.0 
112.1 SS,+5°C 42.9 10.4 77.4 9.9 124.0 8.7 166.9 6.6 
157.1 NY,-25°C 46.0 I I. 1 83 .0 10.7 132.9 9.4 178.9 7.1 
219.2 WD,-35°C 49.0 11.8 88.4 11.4 141.6 10.0 190.6 7.6 
242.5 NY,-17°C 49.9 12. 1 90.0 11.6 144.2 10.2 194. 1 7.7 
260.6 WD,-25°C 50.5 12.2 91.2 11.7 146. 1 10.3 196.6 7.8 
384.5 NY,-l 0°C 54.0 13. 1 97.6 12.5 156.3 11.0 21 0.4 8.4 
r z (%) 68.8% 91 .2% 79.9% 93.1 % 86.9% 64.7 % 89.6% 87.4% 
It can be seen that for each given pain and thermal sensation exposure times increase 
and contact skin temperatures decrease with cooling time (T 7) of the condition and the 
development of pain and cold sensation. The optimal way is describing the 
relationship of a given pain sensation with T1 is with a natural logarithmic function. 
The suitability of this function is supported by the amount of variance described by 
the model given by the high r2 values - in most cases more than 85% of the variance 
in the data was explained by th is function and in some cases above 90%. 
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As detailed earlier, the development of pain and thermal. sensation over time and 
temperature is linear and this can also be seen to be in agreement with the results of 
the model. AJso, as earlier observed, the model agrees that change in thermaJ 
sensation occurs at a faster rate than pain. The results of the predictive model are 
demonstrated graphlcally in Figures 3.37, 3.38, 3.39 and 3.40. 
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4. Discussion 
4.1 Pain and thermal sensation 
The contact skin temperature and the time at which each given pam and thermal 
sensation occurred was directly affected by the thermal properties and the surface 
temperature of the matenal touched The relationship of both time and Tc with the 
resultant coohng speed of the condttion (as defined by the matenal and surface 
temperature) is demonstrated to be a natural logarithmtc function by the model 
developed from the data The relationship between contact time and Tc reqmred for a 
given pain sensation is a hnear one 
It is clear from the data collected for both pam and thermal sensation that as the 
thermal penetration coefficient of the material touched m creases the time taken for the 
gtven sensatiOn decreases as the Tc at thts time also decreases This is especially 
evident when comparing condttions involvmg contact with metals with those 
mvolvmg non-metals, there appears to be a distinct separation between fast and slow 
coohng condtttons 
The lower contact skin temperatures required for a given pain and thermal sensation 
under the fast cooling condtttons of metals suggest that in that case cooling ts 
pnmanly occurring m the superficial layer of the skm surface The thermal gradient 
present through the fingertip is greater, thus producing a lower contact temperature at 
the skin surface when the deeper dermal layers of the finger have cooled sufficiently 
to stimulate pain and thermal sensors The higher contact skin temperatures observed 
for a given sensation under slower cooling conditions as demonstrated by exposures 
to non-metal surfaces suggest that cooler temperatures are present within the deeper 
eptdermal layers at the same skin surface temperature when compared to the faster 
coolmg condtttons of metal surfaces As a result, this cooler finger core produces a 
smaller thermal gradient through the fingertip, therefore allowing a stronger 
stimulation of sensors to occur at the same contact skin temperatures 
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This effect of coohng speed of the condition upon the Tc and time taken for given 
sensations to occur is also evident in the presence or lack of presence of pam Four 
conditions, stamless steel and alumimum at -10°C and -17°C were excluded from 
analysis simply due to the fact that the cooling speed of these conditions were such 
that skin surface temperatures were so low that Withdrawal criteria (:e:O 5° C) were met 
before any pain was experienced by the participants The thermal gradient through the 
fingertip m these cases was too great for the pain sensors located in the deeper 
epidermal layer to be stimulated before the nsk of surface skin damage was reached 
Despite a ceiling of 5 minutes being mtroduced and the subsequent exclusion of pam 
sensation above this bemg excluded from analysis, in order to observe the effect of 
coohng speed upon mstances of mtolerable pam all instances both above and below 
this ceiling were mcluded m Table 3 3 It can be seen that wtthm surface temperature, 
a difference m material of the contact exposure appears to have an effect upon 
whether intolerable pain is reached Again there IS an effect of reducing the thermal 
gradient through the fingertip by reducing the thermal penetration coefficient of the 
material touched at a given temperature and therefore slowing the cooling speed of 
the condition affecting pain sensation It can be seen to cause a greater number of 
cases in which intolerable pain was experienced, 18 out of 30 cases at -25°C for wood 
(b=520 Jm-2 s"112 K"1) and 16 out of30 cases at -25°C for nylon (b=780 Jm-2 s"112 K"1} 
This IS also apparent at -35°C, With 21 out of 30 cases of experiencmg intolerable 
pam for wood but 18 out of30 cases ofexperiencmg intolerable pam for nylon 
Enander (1982) found that thermal and pam sensation of the hand exposed to air was 
independent of coohng speed of the condition, but simply dependent upon hand skm 
temperature The findings of this study showed that a change in the thermal properties 
or surface temperature of the material touched had a significant effect upon the time 
and Tc at which most pam and thermal sensations were experienced This conclusion 
is different to that found by Enander, however the difference in cooling speeds 
between each condition was only due to change in air temperature (conditions + l5°C, 
+ 7°C and 0°C) The conductivity of air is not as great as the materials tested in this 
study (k=O 03 W m·1 K"1, for conductivity of materials used in the present study see 
Table 2 2), therefore these differences m cooling rate due to change m temperature 
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were not as great as those expenenced in this study due to difference in thermal 
properties of the material touched This apparent effect of cooling speed upon pain 
sensation was also found for whole-hand contact cooling, Havenith et al. (1992) 
observed that the presence of a glove (wh1ch slows the rate of coohng) dunng hand 
coohng when gripping cold solid cylinders was more pamful at a give skin 
temperature than w1thout the presence of a glove The rationale being that a smaller 
temperature grad1ent between the skin surface and the deeper dermal layers was 
present Chen et al. (1994) investigated finger-only contact with aluminium at subzero 
temperatures and found no correlation of pain or thermal sensation w1th contact Tc It 
is suggested that this due to the thermal properties of alummmm the rate of coohng is 
so fast that the coohng would not penetrate deep enough before skin surface 
temperature withdrawal cntena is met, to consistently stimulate pain receptors in the 
deeper dermal layers (1 e thermal gradient between skin surface and deeper dermal 
layers is too great) 
Contact pressure of the finger touchmg the cold matenal was found not to have a 
s1gmficant effect upon the time or Tc at which pain or thermal sensations were 
expenenced under any of the conditions tested This is in contrast to the findmgs of 
Geng et al (2000) who concluded that for finger contact with aluminium at -l5°C 
pain and thermal sensitivity was greater in terms oftime and contact skin temperature 
at low contact pressures (0 98N) and was found to decrease w1th increasmg contact 
pressure (2 94N to 9 SIN) It is suggested that absence of the effect of pressure being 
found m this study is a result of the method employed to regulate the contact pressure 
It was found that the levels of noise occurring with the system used may have 
ehmmated any possible effects 
Representative Tc for pam 
There was a great deal of vanation in the Tc at which the onset of pain occurred 
These ranged from as low as 2 7°C (at the fastest cooling condition) to 14 0°C (at the 
slowest cooling condition) The average pain onset Tc over all conditions tested was 
8 5°C, this IS slightly below temperatures reported in previous studies, 21 oc (Enander, 
1986), l6°C (Chatonnet and Cabanac, 1965), 10°C (Hellstrom, 1965) and l9°C 
(Havenith et al 1992) However, a wtde range of coohng rates represented by the 
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matenals and surface temperatures tested m this study, w1th the exception ofHavenith 
et a/ (1992) (whole hand contact) none of the above studies investigated contact with 
cold solid matenals, so ail dealt with slower cooling giving h1gher Tc for pain onset 
Geng et al. (2001) is the only reported study of finger-only contact and found the 
average Tc at pam onset to be 14°C The very low Tc at which pain onset occurred 
for fast cooling conditions in th1s study is supported by Killian and Graf-Baumann 
(1981) who stated that during rapid cooling, the mitlal warmng of cold pain is often 
missmg altogether and the development of frostbite is often not noticed by the 
affected person WJlson and Goldman (1970) and Molnar et al. (1973) also discovered 
that pain was often not observed before the point of frostnip in the fast cooling of 
smaii skin areas If the cooling conditions in our study are separated between metals 
and non-metals (essentlaily fast and slow cooling) the average pam onset Tc IS 4 7°C 
for metals and 11 1 °C for non-metals, the value for the slower cooling non-metals 
now fails comfortably within the range denoted by the previous literature 
Measurement of pam (and thermal sensation) is complex (Merksey, 1973) and the 
discrepancies found between stud1es can be explamed in terms of differences between 
cooling procedure and methodology 
Representative Tc for thermal sensation 
A w1de range of contact temperatures at which a cond1t10n is imtlaily perce1ved to be 
"slightly cool" (pain vote= -1) was found These temperatures var1ed from 16 goc for 
the slowest cooling condition to 3 4°C for the fastest cooling condition The 
temperatures found for the slower cooling conditions concur w1th those of Geng et a/ 
(200 1) who found an initial change in thermal sensation for finger contact to be 
approximately I 6°C, and Havenith et a/ (I 992) who found that the subjective 
cnterion cold occurred at contact temperatures of I 6°C for whole hand contact 
However, these values are far below those of other literature concemmg stud1es where 
hand cooling occurred in air Enander (1980) found the sensation of cold to begm at 
hand skm temperatures of 28°C which agreed w1th Kenshalo and Scott (1966) who 
found th1s to occur at between 28°C and 29°C The discrepancy between these results 
and those of our study clearly relates to the large differences m cooling rates of the 
skm concerned For skin in contact With cold surfaces the conductive rate of cooling 
CHAPTER 7- Sub;ectrve responses 232 
ts far greater than the convecttve rate of coohng in cold air (Geng et al. 2001) The 
contact cooling follows a Newtonian coohng curve (Molnar, 1971, Molnar et a! 
1972) and the function descnbes the coolmg as a 2"d order exponential decay (Chen et 
a! 1994) Essentially, the coohng occurs in two stages, the first part mamly represents 
the very qmck cooling of the superficial layer of the skm upon imtial contact For the 
fast cooling conditions at -4°C the extent of this cooling ts at its greatest and the 
inittal change m thermal sensation occurs during thts period thus givmg extremely 
low contact temperatures at whtch cold is tmtially percetved For slower cooling 
condttions (i e non-metals) this quick rate of cooling upon initial contact ts still 
present but the extent to whtch tt cools the skin surface is not as great The first 
change in thermal sensation occurs after this superfictal cooling period and therefore 
still occurs at relatively low contact temperatures m contrast to coohng in air 
Development of pam and thermal sensa/ton 
Both the development of the mtensity of pain ttself and development of thermal 
sensation when excluding basehne votes in terms of time and Tc was found to be 
linear The linear relationship between contact time and Tc for a given pain and 
thermal sensation demonstrates that the relationship of both of these vanables wtth 
cooling speed of the condttion wtll be stmilar "Onset" of thermal sensation (i e first 
change m thermal sensation from the baseline vote) was found to occur qmcker than 
patn onset Thts is attributed to the fact that local thermal sensatiOn is more of an 
arbttrary vanable to judge than pain (i e pain is a more distinct sensation), and the 
mittal change m thermal perception of the fingerttp m contact With a cold matenal 
wtll be very qmck Once this tmtial change has occurred, further changes m thermal 
perception are not made as hastily and therefore easier to judge 
4.2 Relationships between pain and thermal sensation 
The average thermal sensation at pain onset for metals was "slightly cool", whereas 
for non-metals tt was an average of "cold" The greater conductivity of metals causes 
a quicker cooling effect, the superficial layer of the skin is cooled quicker giving a 
lower contact skm temperature However this causes the thermal gradient through the 
finger to be greater, and as a consequence, changes in pain sensation are perceived to 
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occur at a warmer point Surprisingly, when the relationship of the imtial change of 
thermal sensation with pain onset was investigated it was found that pain onset 
occurred after initial change m thermal sensation A possible explanation for this 
could that the presence of pam is a more definable quantity for a participant to judge 
m contrast to a shght change m local thermal perception which is more readily 
reported Onset of thermal sensation and onset of pain are not as easily directly 
comparable smce that baseline thermal sensation votes vary as opposed to all baseline 
pam sensations bemg "no pain" Wh1lst the initial change in thermal sensation always 
occurred before pain onset for metals, thermal sensation did not develop any further 
before pam onset occurred 
4.3 Modelling subjective responses using condition as a predictor 
Both pain and thermal sensation responses are greatly affected by the coohng rate of 
the condition, which is defined by the thermal properties and surface temperature of 
the matenal touched In order to derive a model with optimal accuracy, a single value 
was used to charactense both surface temperature and thermal properties of the 
material for each condition For this purpose the average physical skin cooling time of 
the fingertip to a contact temperature of 7°C (T7) over all participants for each 
condition was calculated and then used as points on an interval scale Th1s 
temperature point took into account a sufficient amount of the cooling taking place 
under all conditions in order to be able to represent the coohng rate of each material at 
each temperature The subsequent model that was derived observed that the optimal 
predictor of Tc and of contact time at which a certain pain or thermal sensation was 
reached was of a non-lmear nature 
The model's results concurred with the previous analysis of pam and thermal 
sensation The development of pain and thermal sensation Itself for each condition 
was hnear when expressed as a function of both time and Tc Also thermal sensation 
developed earher than pain onset 
The model predicts pam onset for the fastest cooling condition to be at a contact Tc of 
3 3 oc and this is very close to the observed average of 2 7°C The values predicted for 
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slower cooling condition were also comparable to the observed values for the 
condition, for example, wood at -35°C was predicted to have a pain onset contact Tc 
of 11.1 °C, with an observed average of 11.9°C. The predicted contact Tc for a 
thermal sensation of"cold" was 10.7°C for nylon at -25°C, this is comparable to the 
observed average of I 0.0°C. The overall comparisons illustrated in figures 4.1 to 4.4 
show that observed and predicted points are well correlated for both pain and thermal 
sensations. 
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Ind1v1dual variation is considerable in both the pam and thermal sensation responses 
of the participants in this study. However, the model developed prov1des an effective 
way in which both exposure times and contact skm temperatures can be predicted 
under w1de range of coohng conditions for skm contact with cold surfaces for a short 
duration The reduction m skin temperature of the hand has been found to have an 
adverse effect upon performance and therefore safety due to a reductiOn in tactile 
sensitivity (Mackworth, 1953, Morton and Provins, 1960) and manual dexterity 
(Clark and Cohen, 1960, Fox, 1967, Lockhart et al. 1975) The findings ofth1s study 
can be the bas1s of a useful way m which protective limits may be set w1th the 
purpose of minim1smg nsk of discomfort and pam in a working environment m which 
cold surfaces ex1st 
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5. Conclusions 
Pam and thermal sensation for short-term contact with cold sohd matenals IS directly 
affected by the cooling rate of the condition which IS determined by the thermal 
properties and surface temperature of the matenal being touched At the same contact 
temperature, pain is greater under conditions that elicit a slower rate of skin cooling, 
due to the deeper penetration of the cold 
Pain and thermal sensation themselves develop linearly with time and contact Tc but 
the imtial change in thermal sensation from the baseline vote occurs before pain onset 
Pam onset occurs at an average contact Tc of 4 7°C for metals and was accompanied 
by an average thermal sensation of "slightly cool" Pam onset occurs at an average 
contact Tc of 11 1 oc for non-metals and is accompanied by a thermal sensation of 
"cold" Intolerable pam was only met under slow coohng conditions, the average 
contact Tc being 6 5°C The discrepancy between the observed cnt1cal temperatures 
for pain onset and thermal sensation m this study and those of previOus investigations 
are explamed m terms of considerable difference between the coohng rates of the 
conditions tested by contact with cold matenals and that of the convective cooling 
The model developed based upon the experimental data collected in the study 
predicted contact times and Tc at which all levels of pain and thermal sensation occur 
as a functiOn of cooling rate of the condition The individual variatiOn of the 
participants IS considerable, however, the model descnbed a substantial proportiOn of 
the data usmg a natural logarithmic functiOn 
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CHAPTER EIGHT 
CONCLUSIONS 
I) No differences were found between the cold contact response of the index 
finger-pad of the dominant and non-dominant hand when m short-term contact 
w1th surfaces of d1fferent cold materials over a range of temperatures 
2) On average females show sigmficantly faster finger skin coohng times than 
males for slow cooling cold contact conditions When male and female 
participants of equal hand/finger d1mensions were tested under slow cooling 
conditions the vanation in cooling responses found was not apparent between 
sex but sigmficantly dependent upon finger volume, regardless of sex 
3) Females show significantly faster finger skin cooling times than males for fast 
cooling cold contact conditions The d1fference in response observed was not 
affected by hand/finger dimensions but is suggested to be a consequence of the 
thicker cormfied epidermal layer of the male finger-pad 
4) At low a finger contact force (0 5N), 1t was found that finger blood flow level 
had a significant effect upon contact cooling of the mdex finger-pad of the 
non-dominant hand When the hand was occluded, skin cooling appeared 
Newtonian, whereas during free-flow a re-warmmg effect of the finger was 
apparent after approximately 120 seconds of exposure The effect of blood 
flow level was visible after 20 to 40 seconds, and became greater with time 
5) The skin blood flow of the finger-pad IS dependent upon local and whole-body 
factors The local factor wtth greatest influence IS finger contact force, the 
greater the finger contact force, the deeper the tissues that are occluded by 
contact pressure, thus causing the finger skin to cool quicker when in contact 
with a cold surface For low finger contact forces that allow blood flow near 
the skin surface of the finger-pad (:>I ON), blood flow state, which is governed 
by whole-body factors such as activity, whole-body thermal state, gender and 
age, will have its greatest influence upon contact cooling 
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6) Pain and thermal sensation dunng index finger-pad cold contact is d1rectly 
affected by the cooling rate of the conditions which is determined by thermal 
properties and surface temperature of the material being touched At the same 
contact temperature, pain is greater under condition that elicit a slower rate of 
skin cooling, due to deeper penetration of the cold 
7) Pam onset was found to occur at an average contact temperature of 4 7°C for 
metals and was accompamed by a thermal sensahon of "slightly cool" Pam 
onset was found to occur at an average contact temperature of 11 1 °C for non-
metals and accompanied by a thermal sensation of"cold" Intolerable pain was 
only found to be met under slow cooling cond1!1ons, occurring at an average 
contact temperature of 6 5°C 
8) No differences were found m subjechve responses in terms of pain and 
thermal sensation, for index finger-pad cold contact between the dominant and 
non-dominant hand 
Ergonomic applications I implications 
The European Union standard data from the research proJect SMT4-CT97-2149 
provided "temperature limit values for cold touchable surfaces" Whilst this was 
designed to protect 75% of the population, there was minimal flexibility in terms of 
accounting for individual groups that may be at greater risk or particular tasks 
presented in the working environment that may provide conditions not covered by the 
data collected for the standard The following factors have been addressed in th1s 
theSIS 
- No further differenhation of the data collected (both obJechve and subjechve) for 
the standard based upon non-dominant hand fingertip cooling responses is 
requ1red for safety of the dommant hand 
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For condllwns that ellc1t a slow rate of skm coolmg (1 e. metals at surface 
temperatures .? -4 'C, or non-metals at surfaces temperatures .? -35 'C)· 
- At high finger contact forces (>3 ON) 
Workers with smaller finger volumes are more at risk due to the smaller volume 
of volar tissue requiring smaller amounts of heat to be transferred from the 
fingertip to the material in order to obtain a given finger skm temperature 
- At low finger contact forces (:'>1 ON) 
Workers performmg tasks under conditions that ehcit a lower level of peripheral 
blood flow ( e g lower rate of metabolic activity, lower clothing thermal msulatton 
or lower ambient environmental temperature) are at more risk due to a reduction 
of the heat input that normally slows the skin cooling process at the contact site 
Females are more at risk than males as a consequence of contact pressure 
restricting the capillary blood flow near the skm surface of the finger-pad to a 
greater extent in females due to a lower capillary blood pressure 
Sufferers of circulatory disorders are at more risk due to the above mentioned 
effects of peripheral blood flow upon contact coohng 
For condlfwns that ellc1t a fast rate of skm coolmg (1.e. metals at surface 
temperatures 5 -JO'C)· 
Females are at more risk than males due the cornified epidermis (stratum 
corneum) of the fingertips of females being thinner than that of males and 
therefore proV!dtng a lower level of insulation 
- Workers with larger finger-pad contact surface areas are more at risk due to the 
greater contact surface area of the finger-pad facihtatmg a faster heat transfer rate 
of the superficial non-vasculansed layer of the finger skin 
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CHAPTER NINE 
FUTURE RESEARCH 
The findmgs of the studies conducted in this thesis provide suggestions for future 
research These suggestiOns are discussed below both in terms of ergonomic mterest 
and physiological interest 
Ergonomic mterest 
An effect of hand/finger dimensions upon finger skm contact cooling has been found 
However the effect of the epidermal thickness of the finger-pad measured usmg an 
accurate device should be thoroughly investigated The variation of pain onset with 
epidermal thickness could also be investigated 
Fmger blood flow has been found to have a profound effect upon finger-pad contact 
cooling However, these effects of blood flow have only been found to occur under 
slow coohng conditions at very low finger contact force levels (:S:l ON) Such low 
finger contact forces seldom occur in a workmg environment Therefore from an 
ergonomic viewpoint, the presented findings are sufficient for the purpose of safety 
Further work IS not urgent 
The analysis methods used m the laboratory studies of this thesis vary between time 
analysis, temperature analysis and 2"d order Newtonian modellmg, depending upon 
which is appropriate for the data and application The data denved for the cold 
surfaces research project SMT4-CT97-2149 was based upon a time analysis The 
modelhng of these data using 2"d order Newtoman cooling and resultant predictive 
equations derived could be compared to those conditions derived for the existmg 
standard usmg the time analysis method PredictiOns using the Newtonian cooling 
curve descnption may provide a more versatile model than the current one 
The time analysis used for the cold surfaces research project SMT4-CT97-2149 was 
based upon representative thresholds (i e contact temperatures of l5°C (pain), 7°C 
(numbness) and ooc (skm freezing)) A distinct deviation from the contact 
temperature for the threshold of pain used by the standard (15°C) was found, this is 
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dependent upon the cooling rate of the condttion (dictated by matenal thermal 
properties and surface temperature) It is proposed that this ts accounted for by the 
protective standard 
Physwlog~cal mterest 
The extent to which blood flow in the upper vascularised dermal layers of the finger-
pad is restncted as a function of contact force ts not conclustve In order to provide a 
more detatled descnption ofthts and its resultant effects upon contact coohng, finger-
pad contact cooling and skm blood flow (using laser doppler techniques) could be 
concurrently measured and tested at a range of finger contact forces separated by 
small mcrements between 0 SN and 5 ON 
The presence of blood flow to the hand has been found to effect finger-pad contact 
cooling There are many whole-body effects upon peripheral blood flow, such as level 
of activtty, whole-body thermal state, gender and age Whtlst the elderly have reduced 
vasoconstrictor sensittvtty (thus being at a lower risk), the effects of age upon finger-
pad contact coohng have not yet been considered Epidermal thickness does vary 
greatly with age, but this differs wtth gender and therefore suggests that the 
mteraction of gender with age-related differences in contact cooling response may be 
of mterest for further study too 
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Appendix AI 
APPENDIX 
.r ~----------------~--------------~--------------~----------------------------------------------------------
HEALTH SCREEN FOR STUDY VOLUNTEERS 
It IS Important that volunteers partlClpatmg m research studies are currently m good health and 
have had no significant medical problems m the past Tins IS to ensure (1) their own contmumg 
well-bemg and (u) to av01d the possibility ofmdiVIdual health Issues confoundmg study outcomes 
Please complete this brief questionnaire to confirm fitness to participate: 
If YES to any questwn, please describe briefly in the spaces provided 
(eg to confirm problem was/is short-lived, insignificant or well controlled.) 
1 At present, do you have any health problem for which you are 
(a) on medicatiOn, prescnbed or othenVIse 
(b) attendmg your general practitiOner 
(c) on a hospital wa1tmg hst 
(Please 11ck as approprwle} 
~::~~: r::=:1 
YesL=jNo U 
2 In the past two years, have you had any ilhless which reqmred you to 
(a) consult your GP 
(b) attend a hospital outpatient departlnent 
(c) be adnutted to hospital 
3 Have you ever had any of the followmg 
(a) ConvulsiOns/epilepsy 
(b) Asthma 
(c) Eczema 
(d) Diabetes 
(e) A blood d1sorder 
(f) Head InJUry 
(g) DigestiVe problems 
(b) Heart problems 
(1) Problems With bones or JOints 
(Please 11ck as approprwle} 
~::~~: r::=:1 
YesL=jNo U 
(Please l1ck as appropnale} 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
-
-
No 
No 
No 
No 
No 
No 
No 
No 
No 
Question 3 contmued 
(J) Disturbance of balance I co-ordmat1on 
(k) Numbness m hands or feet 
(I) Disturbance of viSion 
(m) Ear I heanng problems 
(n) Thyr01d problems 
(o) Kidney or hver problems 
Optional questions for female participants 
(a) are your penods normaVregular? 
(b) are you on "the p11l"? 
(c) could you be pregnant? 
(d) are you taking hormone replacement therapy (HRT)? 
Thank you for your co-operation! 
Declaration Of Consent 
,-----
Yes 1-- No 
Yes No 
Yes No 
Yes No 
Yes No 
Yes No 
(P:::e~l1ck as :=rop~nale} 
Yes No 
Yes No 
Yes No 
I, hereby volunteer to be an expenmental 
subject m thermal expenments dunng the penod of I on 
200 
My replies to the above questiOns are correct to the best of my belief and I understand 
that they \VIll be treated w1th the stnctest confidence by the expenmenter The purpose 
of the expenment has been explamed by the expenmenter and I understand what \VIll be 
reqmred of me 
I understand that I may \\1thdraw from the expenment at any time and that I am under 
no obligation to g1ve reasons for Withdrawal or attend agam for expenmentatlon I also 
understand that the expenmenter IS free to Withdraw me from expenmentat10n at any 
t1me 
I undertake to obey the laboratory regulations and the mstruct10ns of the expenmenter 
regardmg safety, subject only to my nght to Withdraw as declared above 
S1gnarure of Subject 
Signature of Expenmenter 
Date 
Date 
AppendixA2 
• 
! 
APPENDIX 
Example of cooling curves - A comparison of male and female responses for Aluminium at -4°C 
35 ~~----------------~~--------------------~------------~ 
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